The deep sulfur cycle : insights from sulfide metamorphism in blueschist and eclogite, NE New Caledonia by Brown, Julie Louise
  THESES SIS/LIBRARY        TELEPHONE: +61 2 6125 4631 
R.G. MENZIES LIBRARY BUILDING NO:2      FACSIMILE:  +61 2 6125 4063 
THE AUSTRALIAN NATIONAL UNIVERSITY      EMAIL: library.theses@anu.edu.au 
CANBERRA ACT 0200 AUSTRALIA 
 
 
 
 
 
 
 
 
 
 
USE OF THESES 
 
 
This copy is supplied for purposes 
of private study and research only. 
Passages from the thesis may not be  
copied or closely paraphrased without the  
written consent of the author. 
The Deep Sulfur Cycle: 
Insights from sulfide metamorphism in blueschist and eclogite, 
NE New Caledonia 
Julie Louise Brown 
lliE AUSTRALIAN NATIONAl UNIVERSITY 
Thesis submitted for the degree of Doctor of Philosophy of 
The Australian National University 
Apri l, 2007 
I' 
I ... , 
All of the work presented in this thesis is my own, except where otherwise acknowledged. 
Some of the ideas presented have benefited from discussion with my supervisors and other 
colleagues, but all interpretations and conclusions are my own. 
Julie Brown 

TABLE OF CONTENTS 
Acknowledgn1ents ..... ................. ............. ................................... ................ ..... ............. .......... .. i 
Abstract. ........ ...... ............................................... ............................. ........ ..................... .......... iv 
CHAPTER 1: General Introduction 
1.1 Sulfur and subduction zones ............... ......................... .................. .................................... . I 
1.2 Structure of this th es is ...... ............................................................. ............... ...................... 5 
1.3 Terminology ..... .. ..................... .............. ............................................................................ 7 
CHAPTER 2: A review of sulfide phase relations and sulfides in regional metamorphism 
2.1 Sulfide phase relations 
2. I. I Fe-S system ......................................... .. ........... .. ...................... .... ........ 8 
2. 1.2 Cu-S and Cu-PeS systems ................................ .. ............ ....... ............... ... . 13 
2.1 .3 Complexity of mineral association .... .......................................................... . 24 
2 .1.4 Fe.-S-0 syste1n ....................... ...... ................... .......... .. .. ........... ..... ........ 24 
2.2 Sulfide in regional metamorphism 
2.2.1 Overview .. .................... .. .. ....... ...... .... .... .. ...... ....... .... ...... ... .... .. .... ..... ... 27 
2.2.2 Sulfur-bearing fluids and metamorphism ................. ....................... .. .. .. .......... 29 
2.2.3 Previous studies of sulfide in eclogite .. ............ ......... .................................... 3 I 
Studies of sulfide inclusions in mantle-derived eclogite: Ni-bearing sulfide ... ... ... ....... .. 31 
Previous studies in New Caledonia ..... ............................................................. 32 
2.3 Importance of sulfide± oxide phase relations to this study ........... ...... ...... ... ............. 34 
CHAPTER 3: Regional geological setting and classical petrography of New Caledonian 
blueschist and eclogite 
3. 1 Introduction ...... .. .... ........ ... ........ .. ............ ................. .. .............................. 37 
3.2 Review of New Caledonian High Pressure belt 
3.2.1 Regional geological setting ................................................ ...................... .38 
3.2.2 Classical petrography (previous work) .................. .. .. ...... ................... ....... .... 47 
3.3 Silicat(}-oxide-sulfide petrography, NE New Caledonia (this study) .... ... .. ........ .......... 50 
3.3 .1 Metasedimentary units ........... ..... ... ......... ................ .. ............ ... . .............. 52 
3.3.2 Meta basaltic units ............ ...... . .................. ............. .. ... ......... ...... .......... .. 63 
3.3.3 General overview . ..... .... .... ..... ... ... . .. ................... ... ......... .. ..................... 64 
3.4 Overview of sulfide mineralogy ........................... .... ................. ... . ........ .......... 70 

CHAPTER 4: The occurrence, petrographic relationships, and composition ofsulfides in 
New Caledonian high pressure rocks 
4.1 introduction ....... ... ..... ...... .................. .. ............. ................ ................ ... ...... 72 
4.2 Results ............................................................. ................................ .. .. ... 74 
4.2.1 Lawsonite zone sulfide ......... .. ... ... ...... .... .................................................... ......... 81 
Meta-basalt. ........ . ... .. .......... .... ............................. ... ........ .................. ..... 82 
Mcta-sedimenatry ... . .... ........... ... ........ ..... ....... . .... ...... ......... ............. .. ....... 86 
Overview .......... . ...... ......... ... ..... ..... .... .. ........... ... ......... ... ....................... 92 
4.2.2 Epidote zone sulfide ....................................... ............................... ......... 92 
Overview .. .. ........ ...................... .... .... .............. ............ .............. . ..... ...... 95 
4.2.3 Epidote zone- omphacite zone boundary sulfide ............. . ........ ...................... . 98 
4.2.4 Omphacite zone sulfide ...................................................................... .... I 00 
Meta-basalt. .......... ............................................................................... I 00 
Meta-sedimentary ........... ... ............. . .......... ...... .............. ..... .... ... .............. 105 
Overview ... . ..... ............ . .............................................................. ............. 110 
4.2.5 Hornblende zone sulfide ............................................................. .................................... 111 
Eclogite ..... . ....... .... ........ .. ............. ... .. .. .. ..... ............................................... 11 I 
Barroisitic-hornblende-bearing eclogite ......................................................... 113 
Meta-sedimentary .... .. ........ ......... .. ... .... .... .. ... ...... .. ....... ....... ....... ............. l l 6 
4.2.6 Omphacite-hornblendc zone sulfide transition ..................................................... ......... 117 
4.3 Atypica l garnet zoning and sulfide occurrence .................................................... 118 
4.4 Prograde sulfide evolution in New Caledonia ............................................. ........ 121 
CHAPTER 5: High pressure Cu-Fe sulfide phase equilibria 
5.1 Introduction .... ...................................... .............................. ..................... 126 
5.2 High pressure sulfide thermochemistry .. ....... ... ............. ............ ........................ 129 
5.2. I Thermodynamics - brief overview ....... .......... ..... .......... ....... ...... ............ .... 130 
5.2.2 The comparison of datasets ............. ........ ................... ........... . .... .............. 132 
5.3 The effect of pressure on Fe-S phase equilibria ...... .. .... ........................................ 134 
5.3. I Sulfur condensation curve ........ ............................................................... 134 
5 .3 .2 Pyrite-pyrrhotite ............ ....... ... ..... ....... .. ............. ....... ......... ... .. ..... .. ... .. 13 5 
5.4 The effect of pressure on Cu-Fe-S phase equilibria .. .. .. ......... .. ........ .. .. .. ............ .... 139 
5.4. I Chalcopyrite stability ......... . ........... ...................... ............................ ..... 142 
5.4.2 Covellite stability ..... ............ ... ...... ........................................ .. ............ 150 
5.4.3 Bornite stability .......... ......... .......... .. ........... ........... .. . ........................... l 54 
5.4.4 Omphacite-hornblende zone: pyrrhotite-pyrite+bornite transition . ... . .......... .. ........ 155 

5.4.5 Reaction sequence connecting low-P and high-P Cu-Fe-S phase diagrams .............. 157 
5.5 Pyrrhotite solid solution with copper at high pressure 
5.5. I Pyrite-pyrrhotite ........ ...... .. ... .......... ............. ..... ... .. ....... ...... ............... ... 163 
5.5.2 Pyrite-troilite ..................... .. ............. ................. ............ ... ........ .......... 165 
5.5.3 Copper incorporation into pyrrhotite in the presence of CuFeS2 and CuFe2S3 ........ ... 166 
5.6 Implications for New Caledonian high pressure sulfide mineralogy ............. ,, .. , ......... J 68 
CHAPTER 6: Silicate-sulfide-oxide phase equilibria jn subduction zones 
6.1 Introduction ........... .... .... ............................. ............................................. 169 
6.1.1 Essential principles of sulfide-silicate equi libria .............................................. 171 
6.2.1 Thermodynamics - overview ............................ ............................................... .. 175 
6.2 Fe-0-S-Si systetn .. ...................................................... ....... ....................... 177 
6.2. I Magnetite in eclogite .. ................................... ... .................. .. .. ....... ..... ... 180 
6.2.2 Comparison of the oxygen buffering equilibria: FMQ, HM, AMQG and AHQG ...... 181 
6.3 Sulfide-silicate-oxide phase equil ibria: garnet formation ........................ ... ........ ... .. 184 
6.3.1 Ca-Al-Si-0-Fe-S phase relations ........................................................... .. ......... .. . 186 
Fluid independent equilibrium ....... ..... ....................... .................................... 191 
6.3.2 Alternative Ca-Al-Si-Fe-0-S equilibria ........................................................................ . 193 
6.4 Ilmenite and rutilc ............... ..................................... . ........ ................ .......... 196 
6.4.1 Fe-0-S-Si-Ti system ........................................... .... ............................................. 196 
6.4.2 Textural evidence of Ti-oxide - sulfide reactions ............................. ... ..... .. ........ 199 
6.5 Implications of sulfide-silicate-oxide equilibria .............. ................ .. ..................... 20 1 
CHAPTER 7: Discussion and Conclusions 
7.1 Comments on genera l predictions ............................................. ...................... 203 
Prevalence of copper in sulfide - where is the Ni? .............................................................. 203 
Retrograde chalcopyritc ................ ..... ..... ... ........................... .. .................... 205 
7.2 Overall conclusions ................ . ....... .................. .... .................. ...................... 206 
7.3 Suggestions for future work ....................................................... .. ................. 209 
REFERENCES ....................................................................... ......................................... 211 
APPENDICES 
Appendix I: Representative silicate mineral analyses ...................... ........... ............... Al 
Appendix 2: Analysis of sulfide minerals ............. .. ................................ ................ A2 
Appendix 3: Sulfide mineral data tables for Chapter 4 ....... .... ........................... .... ...... A3 
Appendix 4: Raw area scan data ......................................................................... A4 
Appendix 5; Pyrrholite data for Chapter 5 ........................................... . ...................... . ...... AS 

Acknowledgments 
The phenomenon of doing a PhD in Australia came about because David Ellis replied to a random 
email of mine, while I happened to be working in Nunavut one Canadian summer. Seven months 
later I'm fighting my way through customs with my snowboard having no idea that over the next 
four years I will have almost no use for my snowboard, become obsessed by the Tour de France, 
buy 3 bicycles one of which cost more than my car, go to China (note absence in thes is title), and 
come to really love living on the other side of the world, thanks mainly to the people J've met 
along the way. 
I have benefited from a supervisory triumvirate, without whom this thesis would never have 
happened. David Ellis is entirely responsible for my doing a PhD in Australia. David has 
seemingly paradoxical abilities for managing broad, abstract concepts while recognizing the 
smallest contradiction. He has also been remarkably tolerant (aka long-suffering) of several thesis 
deviations occurring at intervals, assuring me it was all part of the sine wave of PhD li fe. Andy 
Christy's expertise on a wide range of topics (covering pretty much everything ever as proven 
during a game of trivia on a dri ve to Melbourne) was a source of inspiration for me. Andy's 
willingness to share his knowledge and to try to get some of it into my skull was central to my 
perseverance with several aspects of this thesis. Richard Arculus has been ' the voice of reason' . I 
would never have stuck it out to the end without benefit of Richard's perspective, his ability to see 
the big picture. 
This thesis also benefited from discussions (at alternating venues of cafe/pub) with Ulli Troitzsch, 
who made me realize that attention to fine detail isn't at all a bad thing. Frank Brink at the 
Electron Microscopy Unit helped me to ensure the quality of the area scan data. Thanks to JV and 
Tony for thin sections and for tolerating endless months of mysterious grain mounts appearing 
around the lab (and not throwing them out). Thanks also to Joel Fitzherbert and Nathan Daczko for 
lett ing me come on their field trip to New Caledonia, for advice about field work, and for making 
me feel like an expert in the Prench language. 
I'd like to thank the GSC-Ottawa and the amazing geologists there for existing and creating the 
opportunity to do fi eld work, leading to the realization that you can do this kind of thing for a 
living. 
OEMS has been a particularly welcoming environment, thanks in large part to Sarah O'Callaghan, 
Maree Coldrick, Brian l larrold, Nigel Craddy, Bear McPhail, Dirk Kirste, Sue Welch, Ross 
Taylor, Patrick DeDecker, Steve Cox, Brad Opdyke, John Mavrogenes, Sarah Beavis, Judith 
Shelley, Jessica Reeves and my awesome office mates: Matt, Al, Dan, Luke, Jeremy, Kat, and 
Kamal. 
Thank you to my other fri ends including - Bridge, Sarah Tynan, Nicole, Sam, Marco, Sparky, 
Shaun, Chucky, Carl, Paul and Fliss, Helen and Aaron, Amanda, Simon, Marian_ne Jago, Sil vano 
and Mario Jina, Julia, and Chris Carson. The long fi rst months in Canberra were tolerable because 

of Leesa Carson and John Sirns, who let rne come over for dinner all of the time, and introduced 
me to laksas, flat whites, the meal known only as vegetables floating in hot water, and 'driving' on 
the wrong side of the road (that was scary). You all helped me survive living in Canberra, with 
distractions, discussions, advice, and entertaining behaviour. 
I'd also like to thank my family in Onawa. Mom and Henk, Dad and Pam, Shari and Chris, 
Becky, James, Rob and Leigh, Wayne and Francine - I have missed you all very much, and 
wouldn't have had the nerve to do a PhD anywhere without you. Same to the friends in Ottawa, 
Yellowknife or spread around the planet (like at space school or something crazy) - particularly 
Tara and Marianne Mader. You guys have been incredibly supportive, and helped me feel like I 
was still connected to the motherland. 
I'd like to thank the Webb family here in Australia for some memorable times in Sydney, and for 
the creation of Hugh. Hugh Webb has been a centering influence in my life for the past two years, 
and I want to thank him for being an enormous source of comfort and support while writing this 
thesis. 
New Caledonia 
II 

Dedicated to my Grandmother 
Ena Rowsell 
The Pitcher Plant, ojflclal symbol qf Ne1l!foundla11d 
iii 

Abstract 
One aspect of sulfide petrology that has received very little attention is the prograde 
metamorphism of sulfide minerals in exhumed fragments of a subduction zone. 'Normal' 
approaches to studying sulfur transfer in subduction zones look at sulfur in arc magmas, tracing 
the su lfur pathway using isotopes. Sulfur is removed from the slab during the release of water-rich 
fluids associated with metamorphism to eclogite facies. Nevertheless, New Caledonian blucschist 
and eclogite preserve as inclusions in porphyroblastic minerals, a record of sulfides present during 
prograde subduction processes. Significantly, these inclusion sulfides have not been retrogressed 
by later fluids, as in the case of matrix sulfides in these rocks. This is a study of sulfides trapped 
by blucschist through to eclogite facies silicate minerals, providing data on the behaviour of 
sulfides during subduction. 
Most studies in regional metamorphic terranes ignore sulfide minerals. This is somewhat 
understandable, as they equilibrate an order of magnitude faster than silicate minerals (Barton 
1970), and so may not necessarily reflect the origi nal equilibrium assemblage formed at the peak 
conditions of metamorphism. During retrogression, sulfide structure and composition is not only 
susceptible to rapid changes induced by cooling, but also by fluids, whose influx in New 
Caledonia has been facilitated along greenschist facies shear zones. Therefore it is likely that 
matrix sulfide minerals have re-equi librated. 
However, sulfide mineral inclusions in prograde porphyroblasts (lawsonite, spessartine garnet, and 
almandine garnet) are effectively armored against such retrogression or fluid influx. Cu-Fe sulfide 
inclusions have been found across metamorphic grade within the lawsonite, omphacite, and 
hornblende metamorphic zones, spanning a crustal profile of - 30km. Many of these inclusions 
show evidence of isochemical unmixing of original monosulfides during cooling, and bulk area 
scans were done to determine the original compositions. The area scans represent both binary and 
ternary mixing lines between exsolution products. Careful interpretation of this data enables the 
back-calculation of original equilibrium rnonosulftde phases. However, the interpretation of 
sulfide chemistry is complicated. Most inclusions are in the order of I µm in size. The 
determination of high P Cu-Fe-S phase relations relies not only on sulfide composition, but also on 
the interpretation of co-existing mineral phases identified in larger inclusions. The results differ 
significantly from the low pressure (1 atm) experimental topologies. In this way, high pressure 
iv 

mineral inclusion compositions provide insight into the effect of subduction pressure on Cu-F~S 
internal phase relations as well as silicate sulfide equilibrium. 
Despite a concentrated effort, prograde sulfide inclusions were not found in the intervening 
'epidote' metamorphic zone. The absence of sulfide in the epidote zone is likely related to 
fluctuating fluid fs2 - f02, which precluded sulfide and garnet being stable together at that time. 
High pressure theoretical ca lculations of Cu-Fe-S equilibria support the assessment of natural 
sulfide specimens, and permit the determination of high P phase relations in this system. 
Chalcopyrite stability is P-dependent, and is not a stable mineral phase for much of the blueschist-
eclogite facies metamorphism in New Caledonia. 
Common fsrfo2 buffers containing magnetite are irrelevant in blueschist eclogire terranes; garnet 
occurs in mafic rocks at the expense of plagioclase, accompanying the breakdown of magnetite 
(Green and Ringwood J 967). Magnetite-bearing redox equilibria have been extensively studied 
experimentally and theoretically (e.g. Shi 1992) and are widely applied to evaluate redox 
conditions in the crust and mantle. However, as magnetite is not present in eclogites, such 
equilibria are deemed metastable. Therefore, it is important to determine which phase equilibria 
are appropriate for subduction zone environments, on the basis of s ilicate-sulfide-oxide 
relationships. The importance of silicate-sulfide equilibria during subduction is demonstrated by 
garnet-forming sulfide-feldspar reactions, which contribute to the total garnet budget. For 
example: 
Anorthile Pyrrhotite Magnetite Quartz Garnet Pyrite 
Such reactions can occur because of the ability of iron to behave as both a chalcophile and 
lithophile element. 
The prevalence of copper sulfides is characteristic of subducted sulfide. This is not due to high 
copper content in these lithologies per se, but is in fact a record of prograde sulfide-sil icate 
reactions in which iron behaviour changes from chalcophile to Jithophile. This results in the 
concentrating of copper in the remaining sulfides, as copper retains its chalcophile character 
during subduction. 
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CHAPTER 1 
General Introduction 
1.1 Sulfur and subduction zones 
Element recycling takes place at convergent margins where oceanic crust, sediments, and 
mantle lithosphere are returned to the mantle. Partial melting of the asthenosphere above a 
down-going slab results in the generation of magmas and the formation of island and 
continental arcs. Mass transport from the slab to the arc via fluids and melts means that arc 
formation is instrumental with respect to the Earth's chemical differentiation and element 
cycling. This thesis investigates the role of subduction in S-cycling by studying the nature of S 
remaining in the slab, and observing changes in sulfide composition that occur in basalt and 
sediments in the subducting slab between - 30-60km depth. The results indicate that not all S 
is lost to the arc, which is of particular importance to the global geochemical sulfur cycle 
(Figure 1-1 ). In order to balance the global S budget, some S must be returned to the mantle 
(Jambon t 994). 
light "-.... 
magmatic arc 
Atmospheric cyles _ 
H2S, HS, Si-Sa, SO, S02,SOJ, H2S~04 __ _ 
' ' 
reduced (Sa) oxidized ($0.) 
1 1 
Figure 1-1: Sketch of the global S cycle with information from Farquhar et al. 2002 and Arculus 2004. 
Sulfate in the oceans is fixed to sulfide In the crust during hydrothermal alteration of fresh basalt (see 
reactions 1 • 2 in the text). Dehydration of the down-going slab returns at least some S to the 
atmosphere via the formation of a volcanic arc. Photochemical S cycles (including aerosol formation Sa) 
occur in the atmosphere, S is returned to the ocean with precipitation. The white arrows indicate the 
focus of this thesis: the changes In sulfide composition that occur in basalt and sediments In the 
subducting slab, to -60km depth, corresponding to peak P conditions in New Caledonian blueschist and 
eclogite (Clarke et al. 1997). 

Chapter J: General Jntrod11c/ion 
Jambon (1994) used the long term sulfur cycle as an example of massive recycling. The sul fur 
budget is evaluated by considering the amount of su lfur that resides in, and is transferred 
between three major reservoirs: the continental crust, the oceanic crust, and the largest 
reservoir, the mantle. According to Jambon (1994), the sulfur cycle is characterized by its 
relatively short residence time in the continental crust (-250 Ma) relative to the age of the 
Earth. This suggests a steady state sulfur exchange between the mantle and the exosphere that 
requires major sulfur input from the mantle, accommodated by volcanic arcs. The return 
pathway of sulfur to the oceanic lithosphere is complicated by its oxidation state. Sulfides are 
relatively insoluble, and so immobile (Jambon 1994). However, weathering in rocks exposed 
at the Earth's surface transforms sul fide to sulfate, which is highly soluble. Sulfate is then 
leached into the oceans, where eventually it will come into contact with oceanic lithosphere. 
Hydrothermal alteration of fresh seafloor rocks will then convert sulfate into sulfide, where it 
is fixed in oceanic crust (Jambon 1994). For example: 
(1) IN: cold seawater 
SOl:'~ 
8Fe0 
fresh crust 
+ 
(2) IN: cold seawater 
$04~ 
12Fe0 
fresh crust 
+ 
= 4Fe203 + 
hematite 
4Fe3Q4 + 
magnetite 
s2-
sulfide ion 
s2-
sulfide ion 
Thus, sulfide should be the dominant sulfur species subducted at convergent margins. 
Understanding the role of subduction in the global S-cycle may also provide insight into short 
term (evapotranspiration-controlled) environmental S cycles. For instance, consider the 
impact of volcanic eruptions that inject S-rich gasses into the atmosphere. In the last -25 
years, large volcanic eruptions have introduced substantial S02 to the Earth's atmosphere (e.g. 
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Chapter I: General /11/rod11cllon 
Pinatubo, Philippines; El Chichon, Mexico). The origin of this sulfur is contentious - whether 
it is sedimentary in origin (pre-subduction), whether it is acquired during magma ascent from 
the mantle wedge, whether it originates from subducted mafic oceanic crust, or whether S is 
extracted at an early phase from an S-rich basaltic magma (Pallister et al. t 992 - Mt. 
Pinatubo). Also pertinent is whether the majority of sulfur (globally) exists as sulfate or 
sulfide, and perhaps most intriguing, is the distribution of S - how does sulfur interact with 
silicates, how does it interact with fluids and melts, and what happens to sulfur when fluids are 
expelled from the slab? Many arc magmas retain negligible S, perhaps as a consequence of 
degassing. However, at least some arc magmas retain up to I 000 ppm sulfur, similar to 
MORB (Alt et al. 1993). How much sulfur remains in the slab, either as sulfide or sulfate 
minerals, is a subject that has not been previously discussed in the literature. 
Understanding subduction zone sulfur recycling is also important with respect to ore deposit 
formation; many Cu-Au deposits occur in convergent margin settings (e.g. Sillitoe 1997). Sun 
et al. (2004) proposed Cu-Au porphyry formation is linked to magnetite crystal lization, which 
results in a shift in redox exchange, such as reaction (I) above. The prevalence of s2• in the 
melt encourages the formation of Cu-Au hydrosulfide complexes that partition into high 
temperature aqueous Ouids. which subsequently form the ore deposit. In a similar way, 
Mungall (2002) states that sulfide oxidation to sulfate is the main process by which 
chalcophile elements are liberated from the upper mantle to form Cu deposits. Por instance, 
chalcophile elements are released into the melt by (Mungall 2002): 
(3) FeScsulAdc_liquidJ + 202(Duid) = FeO(mch) + S03(mclt) 
This indicates that, regardless of specific, varied tectonic settings in which convergent margin 
Cu-Au deposits are found, it is the redox state of the mantle above the subducting slab that 
controls ore formation. This highlights the dependence of fs2 on redox state - which does not 
only relate to ore deposit formation. The interaction of fs2 and fo2 has been studied in fluid 
inclusions from mantle xenoliths brought up by arc magmas in the Luzon volcanic arc 
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Chapter I: General /11/rod11clio11 
(Metrich et al. 1999), where S-partitioning between various phases is control led by f02• In the 
same way Carroll et al. (1985) show that fs2 and f02 control the distribution of sulfur in island 
arc magmas, where sulfur solubility in silicate melts increases with fs2 and f02 (e.g. Carroll et 
al. 1985). 
One of the traditional geochemical approaches to studying the sulfur cycle has been to 
examine sulfur abundances and isotopic character in arc volcanics (including the studies 
already mentioned). There are normally three possible sources for any component (in this case 
sulfur) in an arc magma: the subducted slab, the overlying mantle wedge. and the overlying 
lithospheric crust, all three of which are themselves heterogeneous. Several studies show that 
at least some sulfur has been recycled from the subducted slab. Sulfur isotopes have been 
widely appl ied to examine the transfer of sulfur in subductions zones (Alt et al. 1993; de I Joog 
et al. 200 I a,b; volcanic gases considered by Poorter et al. 1991 ). Alt et al. ( 1993) found 
submarine volcanic glasses from the Mariana Island arc were enriched in 34S. They at1ributed 
this enrichment to recycled seawater sulfur in the sub-arc mantle that most likely originated 
from subducted sediment as opposed to subducted basalt. Similarly, de Hoog et al. (200 I a) 
conclude that much of the recycled sulfur in basaltic and basaltic andesite lavas from 
fndonesian volcanoes is derived from subducted sediment. These studies lead to the 
expectation that subducted sediments in exhumed sections of oceanic crust wi ll be depleted in 
sulfide when compared with subducted, altered ocean basalt. Sulfur that remains in the slab 
could be recycled into the mantle, as suggested by Eldridge ct al. (1991), where S-isotopic 
evidence indicates a recycled crustal component is involved in diamond formation. 
Recent field and experimental studies aimed at undcrstandfog element transfer in subduction 
zones concern the nature of exhumed slab fragments (e.g.: Arculus et al. 1999; Scambelluri 
and Phillipot 2001). The blueschist-eclogite belt in northeastern New Caledonia may well be 
the best natural analogue for a piece of the subducted slab: the largest and most continuous 
exposure of exhumed high-P low-T subduction-related rocks on Earth (Lill ie 1975). The scale 
of exposure al lows the behaviour of sulfur in arc systems to be traced examining the prograde 
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Chapter I: General 111/rod11ction 
metamorphism of sulfides in the exhumed fragments of a subduction zone. This thesis 
provides petrographic observations on the sulfide mineralogy of arc-related eclogites and 
blueschist from northern New Caledonia. New Caledonia was chosen as a study area because 
the high-P rocks have been the subject of numerous excellent metamorphic, petrological, and 
structural studies over the past thirty years; the metamorphism of the rocks studied is a 
consequence of being subducted at a convergent plate margin. 
It is commonly believed that sulfide is the dominant S-species in hydrothermally altered 
oceanic crust (Jambon 1994, and reactions I and 2). Furthermore, isotopic studies of volcanic 
arc su lfur indicate a seafloor sedimentary origin (Alt et al. 1993 and deHoog et al. 2001 a). 
Corollaries of these two statements, that will be tested in this thesis, can be made about 
subduction zone sulfur: 1) Sulfide will be the dominant S-spccies present in subducted ocean 
lithosphere because the process of hydrothermal alteration of seafloor basalt (Jambon 1994) 
will cause a redox shift in the crust, where sol· is reduced to s2· ; 2) Based on the isotopic 
studies of volcanic arc sulfur (Alt et al. 1993), sulfides in sedimentary lithologies will be 
depleted relative to basaltic lithologies. The presence of su lfide mineral inclusions in high P 
eclogite and blueschist minerals such as lawsonite and garnet, shows that some sulfur survived 
devolatization reactions associated with prograde metamorphism related to subduction. 
However many of the sulfide minerals present in the matrix, not enclosed within a silicate 
phase, are retrograde and formed sometime after tJ1e peak HP event, or re-equilibrated during 
uplift and cooling. 
1.2 Structure of this thesis 
This introduction is followed by a review of experimentally determined sulfide phase 
equilibria and studies of sulfides in regional metamorphism (Chapter 2). The bulk of 
petrologically descriptive and experimental work on sulfide minerals has been carried out for 
economically important grades, at both significantly higher (magmatic) and lower 
(hydrothermal) temperatures than are found in blueschist-eclogite terranes. Most of the 
available experimental work has been conducted at P <1.0GPa - no high-P studies exist 
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equivalent to blueschist-facies metamorphism, for the sulfide systems of interest. There have 
been several studies of sulfide minerals in regional metamorphism, some conducted on 
xenolithic eclogites, and almost nothing on sulfides in blueschist-eclogite, the exception being 
two New Caledonian studies (Briggs et al. 1977 and ltaya et al. 1985) with different foci than 
this thesis. No studies have considered the regional metamorphism of sulfides in subduction 
zones. 
Chapter 3 reviews the regional geology of New Caledonia, with an overview of the blueschist-
eclogite: silicate-oxide petrography, metamorphic subdivisions, and therrno-barometry of 
previous studies. In the same chapter, the silicate-oxide petrography of samples used in this 
study is presented. Samples are situated in PT space on the basis of metamorphic grade from 
silicate petrography and previous thermobarometric studies. The P-T-t determinations used for 
reference throughout this thesis are based on the silicate mineralogy, assessed in previous 
studies, most notably Clarke et al. ( 1997), Carson et al. ( t 999), and Fitzherbert et al. (2003). 
Chapter 4 presents detailed observations and compositions of sulfide minerals from New 
Caledonia, defining sulfide mineral zones for the HP bell. These results are used in Chapters 5 
and 6. Chapter 5 deals with theoretical high-P Cu-Fe sulfide phase relations, and Chapter 6 
deals with theoretical sulfide-sil icate-oxide phase relations in subduction zones. The 
implications of the findings presented in Chapters 4. 5, and 6 for the behaviour of sulfides in 
subduction zones will be discussed in Chapter 7. 
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1.3 Terminology 
This list is intended to provide the reader with common terms, units of measure, and acronyms 
used throughout this thesis. 
P- Pressure 
T -Temperature 
f - fugacity = thermodynamic activity of a fluid/gas expressed as a pressure, measured relative 
to a pure compound at standard conditions. 
log- common logarithm, base I 0 
GPa- Gigapascal, whereO.OOOlGPa = O.OOlkbar ;::;: lbar = 101325 Pa 
atm - standard atmosphere 
R- Gas constant,8.31451 JK'1·mor1 
SEM - Scanning Electron Microscope 
BSE = Backscatter electron 
a e • : IP a et1ca 1st o m1nera s an a T bl 1 1 Al h b . I r f . d bb d . h' h . rev1ations use 1n t 1st es1s. 
Mineral Composition Abbr. Mineral Composition 
Actlnolite Ca2(Mg,Fe2•)s[Sie022](0H1 Act Hematite Fe203 
F)2 
Al bite NaAISiJOe Ab Hornblende (Na,K)~ 
1Ca2(Mg,Fe2 .. ,Fe3•,Al)sSis. 
1Al2-0.s022(0H)2 
Almandine Fe:i2•Al2SiJ012 Alm ldalte Cu3FeS4 
Anorthite CaAl2Si20e An llrnen~e FeTi03 
Anlllte Cu1.75S Al Intermediate various -CuFe2S3 
solid solution 
Augite (Ca, Mg, Fe2•, Al)~Si, Aug lsocubanite CuFe2S3 
Al)20s 
Barile BaS04 Brt Lawsonlte CaAl2[Si201J(OH)2.HiO 
Barrolsite NaCaMg3Al2SirAI022(0H)2 Brs Magnetite Fe3Q4 
Bornite CusFeS• Bn Mooihoeklte Cu9F09S1s 
Chalcocite Cu2S Cc Nukundamite CU3.39F00,61 $4 
Chalcopyrite CuFeS2 Cp Ornphaclte (Ca, Na)(Mg,Fe2•,Fe3•, 
Al}Si20s 
Chlorlte (Mg,Fe2•,Fe3+,Mn,Al}12[(Si, Chi Paragon Ile NaiA14[SisAl2020J(OH)4 
Al}e020J(OH)1s 
Cllnozolslte Ca2(Al,Fel•)Al20.0H.Si20 Czo Phenglte K2(Fe,Mg}1A14Sir020(0H,F)4 
r.Si04 
Covellite CuS Cv Plagioclase Na[AISbOaJ • Ca[Al2Si2]0e 
Cubanite CuFe283 Cb Putoranite Cu1.1Fet 2S2 
Olgenite (Cu,Fe)aSs Dg Pyrite FeS2 
Djurlelte Cu1.97S Dj Pyrope Mg3Al2Si3012 
Epidote Ca2(f e3•,Al)A'20. OH. Si20 Ep Pyrrhotite Fe1Se 
1.Si04 
Fayalite Fe2Si04 Fay Quartz Si02 
Fukuchilite Cu3FeSa Fk Rutile TI02 
Garnet (Fe,Mg.Mn,Ca)3Al2Si3012 Grt Spessartlne Mn3Al2Si3012 
Glaucophane Na2Mg3Al2[Sie022J(OH)2 Gin Stilpnomelane K(Fe2•,Mg,Fe3+)e(Si,A1)12(0, 
OH}21 
Goethlte FeJ.O(OH) Gt Talnakhite Cu9FeaS1s 
Grossular Ca3Al2Si3012 Grs Titanite Ca Ti[Si04)(0,0H,F) 
Haycockite Cu4FesSa Ha Troillte FeS 
High digenite (Cu,Fe)gSs Do Villamaninite CuS2 
Abbr. 
Hrn 
Hbl 
Id 
llrn 
lss 
lcb 
Lws 
Mt 
Mo 
Nk 
Om 
Pg 
Phg 
Pl 
Pu 
Py 
Prp 
Po 
Qtz 
Rt 
Sps 
Stp 
Ta 
Ttn 
Tr 
Vi 
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CHAPTER2 
A review of sulfide phase relations and sulfides in regional 
metamorphism 
2.1 Sulfide phase relations 
Most work on sulfides in metamorphic environments focuses on the metamorphism of ore 
deposits. There have been several appraisals of the literature, the most comprehensive of 
which include the reviews of Vokes (1969), Craig and Scott (1974), Craig and Vokes (1993), 
and Vaughan and Craig (1997), among others mentioned herein. Ramdohr's textbook, "The 
Ore Minerals and their lntergrowths" (1969) is an excellent reference, documenting a wide 
range of sulfide (and other) minerals, their intergrowths, and some information on genesis. 
Barton (1973), Craig and Scou (1974), and most recently Fleet (2006) review the phase 
equilibria in the more common systems - including Fe-S, Cu-Fc-S, Cu-S etc. - compil ing 
several years of experimental results, including the experimental work of Kullerud and Yoder 
(1959), Kullerud (1964), Toulmin and Barton (1964), Yund and Kullerud (1966), Barton 
( 1973), Cabri (1973), Sugaki et al. (1975), Kojima and Sugaki ( 1985), and Lusk and Bray 
(2002). What follows is a summary of the literature on the phase relations of sulfides, paying 
particular attention to mineral stability, mineral composition, crystal structure, the extent of 
solid solution and how solid solution changes with temperature. Sulfide systems involving Cu 
and Fe will be the most instructive in interpreting the petrology of the high P belt in New 
Caledonia. Table 2-1 summarizes the major minerals of these systems and their important 
characteristics, which arc described in the following sections. 
2.1.1 Fe-S system 
The iron sulfides have been very well studied, not only because pyrite and pyrrhotite are major 
constituent minerals in ore deposits, but also owing to their importance and ubiquity as 
accessory minerals in a wide range of rock types in a variety of geologic environments. The 
system is of particular interest when studying metamorphosed sulfides that have experienced 
temperatures in excess of - 400°C, because the relationships are wel I understood. 
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Chapter 2: A review of sulfide phase re/at1011s and sulfides in regional metamorphism 
T bl 2 1 St . h' d II h f lfid a e - 01c 1ometr1c compos1tion an crysta ograp y o some su 1e m1nera s. 
Mineral Abbr. Composition Crystal structure Thermal Reference 
stability 
covellite CV CuS hexaoonal <507°C Roseboom and Kullerud 1958 
chalcocite cc Cu2S <100°C 1129°C Roseboom 1966; Potter and 
monoclinic Evans 1976; Morimoto and 
100-435°C Kullerud 1963 
hexagonal 
>435°C cubic 
dJurleite dj CU1.97S orthorhombic <93°C Roseboom 1964 
anilite al Cu1.75S orthorhombic <76°C Potter1977 
yarrowite yw Cu9Sa hexaoonal <157°C Putnis and Grace 1976 
high digenite dg (Cu,Fe)sS5 cubic 77-1129°C Morimoto and Kullerud 1963 
bomite bn CusFeS4 <228°C 11oo·c Morimoto and Kullerud 1966 
tetragonal 
>228°C cubic 
chalcopyrite cp CuFeS2 tetragonal 557°C Cabri and Hall 1972; Barton 
1973 
talnakhite ta Cu9FeeS1s cubic <186°C Cabri and Hanis 1971 
moolhoekite mo CueFe9S1s tetragonal <167°C Cabri and Hall 1972, Cabri 
1973 
haycockite ha Cu4FesSa orthorhombic Cabri 1973 
putoranite PU CuuFe1.2S2 cubic Filimonova et al. 1980 
cubanite cb CuFe2S3 <213°c <-200°c 
orthorhombic Cabri et al. 1973 
>213°c 
tetraoonal 
isocubanite icb CuFe2S3 cubic >-2oo·c Caye et al. 1988 
intermediate iss various - cubic >-2oo·c- Kullerud et al. 1969 solid solution CuFe2S3 95o·c 
idaite id Cu3FeS4 hexaoonal <265°C Wano 1984 
nukundamite nk Cu3,39Feo.e1 $4 hexagonal- 224-501°C Merwin and Lombard 1937; 
rhombohedral lnan and Einaudi 2002 
fukuchilite fk Cu3FeSa cubic <2oo·c Bayliss 1989 
troilite tr FeS hexagonal 1190°C Kullerud and Yoder 1959 
pyrrhotite po Fe1Se <300°C 1190°C Kullerud and Yoder 1959; 
monoclinic Toulmin and Barton 1964 
>300°c 
hexagonal 
PVrite PY FeS2 cubic 743•c Kullerud and Yoder 1959 
vlllamanlnlte vi CuS2 cubic (pyrite - Marcos et al. 1996; Bayliss 
structure type) 1989 
Pyrite is by far the most common sulfide mineral on the Earth's suface (Craig and Vokes 
1993). Pyrite is stable up to -750°C, beyond which it breaks down to pyrrhotite and sulfur 
(Kullerud and Yoder 1959 - Figure 2-1 ). The stoichiometry of pyrite docs not vary in 
metal :sulfur ratio from 1 :2, and most metamorphosed pyrites are close to pure FeS2 (Craig and 
Vokes 1993). Pyrite rarely contains significant chalcophile elements in its structure in nature. 
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5000 
4000 
~ pyrite ro 3000 ..0 
a: pyrrhotite + 
-ro 
..... liquid or gas 
t9 2000 
1000 
600 700 90 
T°C 
Figure 2-1: Fe-S system. Univariant curve for the reaction FeS2=Fe1-xS + L. from Kullerud 
and Yoder 1959. 
Pyrrhotite (Fe1."S) is monoclinic below about 300°C, with a composition field centred on the 
FeiS8 composition (Groenvold and Haraldsen 1952). Hexagonal pyrrhotite also exists at low 
T, but dominates at higher T; monoclinic pyrrhotite is not found above -300°C. Kullerud 
( 1967) examined the Fe-S system in detail, shown on Figure 2-2a (above 400°C). Pyrite melts 
at -743°C to form pyrrhotite and sulfur liquid, and pyrrhotite varies in Fe composition from 44 
to 50 mol %. Below 400°C, polymorphism of pyrrhotite adds complexity to the system 
(Ehlers 1972) that has been addressed by Taylor (1970) and reproduced here in Figure 2-2b. 
High temperature hexagonal pyrrhot ite has a broad solid solution field. The full width of the 
pyrrhotite field between about 300°C and its upper thermal stability limit is occupied by a 
single solid solution, Fe1.xS, in which Fe and vacancies are randomly distributed. Hexagonal 
pyrrhotite can, in some cases, have the same composition as monoclinic pyrrhotite at lower T 
(Figure 2-2b). Hence, hexagonal pyrrhotite can invert isochemically to monoclinic pyrrhotite 
upon cooling, by reordering Fe and any vacancies (Kissin 1974; Froese 2003). The potential 
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1600 
f5Jg"C ~ 400 rru B Hexagonal 
Liquid high T pyrmotite 
320-C_ 
300 
1200 l u Hexagonal • u I- low-T I ~ pyrrhotite Monoclinic pyrrhotite 1000 200 + pynto Fe1 .• s +liquid 
+ 
14Q"C .. 
800 1 I 100 ..... Fe· FeS2 .! ·75"C 600 FeSz+liquid I j Fe1-x Monocllrnc pyrrhottte + FeS +Fe S, 
400 20 Fe,S 40 FeS 60 80 100 46 44 
Fe s Weight % Atomic% Fe 
Figure 2-2: Fe-S system. A: Above 400°C, in weight%, Kullerud and Yoder 1959. 
B: Below 400°C, atomic%, Taylor 1970. 
for pyrrhotite to form a solid solution with Cu-bearing minerals is discussed below. Troilite -
endmember FeS - is not common on Earth. Normally found only in meteorites, it has been 
discovered in rare localities on Earth, usually in association with low temperature hexagonal 
pyrrhotite (Craig and Scott 1974). 
Where pyrite and pyrrhotite co-exist in equilibrium, the composition of pyrrhotite is buffered 
by the pyrite - pyrrhotite equilibrium, and varies as a predictable function of f52 and T as 
described below. 
Arnold ( 1962) proposed the pyrite-pyrrhotite system as a potential geothermometer by 
determining compositions of coexisting pyrite and pyrrhotite. Toulmin and Barton (1964) 
expanded upon on Arnold 's work by deriving the composition of pyrrhotite as it changed with 
T and fugacity of S2 (Figure 2-3). Some of their compositions fell into the pyrrhotite-pyrite 
field, yielding information on the pyrite-pyrrhotite curve. Above ~ 300°C, there is a rapid 
equilibration of pyrrhotite composition with co-existing pyrite with any temperature shift 
(Craig and Vokes 1993). Conversely, during retrogression, with cooling and lowering of fs2 
12 
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0 
-2 
-4 
-10 
-12 
700 800 900 
Figure 2-3: Composition of pyrrhotite as a function of temperature and log activity of S2. NFes 
is the mol fraction of FeS in the system. Toulmin and Barton 1964. 
activity, su lfur content in pyrrhotite would drop (XFc would increase) and pyrite would form 
(Craig and Vokes 1993). The dependence of the Fe-sulfide composition on fs2 implies that 
pyrrhotite is not the preferentially formed Fe-S sulfide during prograde, or even peak, 
metamorphic conditions unless temperatures are beyond the thermal stability limit of pyrite. 
At low T, the stability of pyrite means that pyrrhotite is confined to low fs2 environments. 
Field studies of pyrite have shown that it is possible to obtain useful information about a given 
metamorphic cycle by studying inclusions in pyrite porphyroblasts (Craig and Vokes 1993). 
Similar to metamorphic information garnered from garnet porphyroblasts, rotational and 
concentric inclusion patterns have been documented for pyrite from the Cherokee Mine, where 
pyrite is enclosed by its 'host' pyrrhotite (Craig et al. 1991). The problem of rapid re-
equilibration of sulfides with retrogression is discussed below. 
There have been several studies of pyrite-pyrrhotite equilibria in natural rocks. Many propose 
an open system for sulfide metamorphism to explain coexisting pyrite and pyrrhotite and also 
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textures involving pyrrhotite pseudomorphs of pyrite (Vokes 1969). The reasoning is that 
during prograde metamorphism, with increasing T and sulfur activity. pyrite loses sulfur to 
form pyrrhotite in an open system. In this scenario, one might expect iron depletion in the 
suiTounding silicate rocks of a metamorphosed su lfide deposit; however, the significance of 
this kind of process on a large scale is questionable as it is not supported by field evidence 
(Craig and Yokes I 993). Other studies propose closed systems for metamorphism of ore 
deposits, owing to the lack of evidence for desulfidation reactions. This raises the idea that 
many ore deposits underwent isochemical metamorphism (for example, the Balade and Murat 
deposits of northeastern New Caledonia, Briggs et al. I 977). The presence of pyrite in high T 
metamorphic rocks could indicate a lack of desulfidation reactions (e.g. granulites studied by 
Plimer 1977). Otherwise, matrix pyrite may have formed during retrogressive S-11uid influx. 
High-P phase relations in the Fe-S system have been explored with the aim of understanding 
planetary cores {e.g. Lin et al. 2004). F'e-S alloys have been discovered at very high Ps; for 
instance, Fe3S has been synthesized, forming at 21 GPa and I 027°C (Fei et al. 2000), well 
beyond conditions found along the Earth's subduction geotherms. 
2.1.2 Cu-S and Cu-Fe-S systems 
Most Cu and Cu-Fe sulfides favour crystal structures based on very compact arrangements of 
sulfur atoms. This leads to the tendency for low-T hexagonal and tetragonal structures and 
higher-T cubic ones, with hexagonal or cubic closest packing of sulfurs as appropriate (Table 
2-1). 
Systematic experimental studies of the Cu-Fe-S system began with Merwin and Lombard 
(1937), and peaked in the 1960s and 1970s. In his recent review on su lfide phase equili bria at 
high temperatures, Fleet (2006) notes that our present state of knowledge for the Cu-S and Cu-
f e-S systems is predominantly based on studies from those years. In the late 1950s and the 
early to mid 1960s, the Geophysical Laboratory in Washington conducted work on the 
behaviour of commonly occurring sulfide systems, particularly on the more common high T 
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assemblages in the system (Fe-S ± Cu ± Ni ± Zn etc.). The economic importance of the 
Sudbury complex in Canada directed interest toward the Cu-Fe-S (±Ni) system. 
Cu-S 
The phase relations for the Cu-S system above 100°C are shown in Figure 2-4. Low 
temperature phase relations are very complicated, involving numerous species which rapidly 
equilibrate at various temperatures below I 00°C, including low digenite and yarrowite (Putnis 
and Grace 1976). Isometric digenite (high digenite) is stable above 73°C (Roseboom 1966; 
Yund and Kullerud 1966). High digenite forms an extensive solid solution field (F igure 2-4) 
that extends to chalcocite and replaces hexagonal chalcocite above 435°C (Barton 1973). 
Hexagonal chalcocite is stable down to 103°C, below which T it inverts again, to orthorhombic 
low-chalcocite structure. CovcJJite is stable below 507°C, and is essentially a stoichiometric 
phase (Vaughan and Craig 1997). Above 507°C, it breaks down to digenite solid solution and 
S2• High digenite melts incongruently above 813 °C. Essentially though, the Cu-S system is 
characterized by the extensive high digenite solid solution extending from 83 to 1129°C. 
~ 
dg-ss Oi "O + 
C> 
435" 
i (.,) (.,) 
8 >< Q) 
>< ..c Q) + 
..c () 
hex. cc J + dg-ss 103°C 
dj+al dj cc cv+cc 
.. 
0.64 0.65 0.66 0.67 
Atom fraction copper 
Figure 2-4: Cu-S system, Vaughan and Craig, 1978. Mineral abbreviations as in Table 2-1 . 
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Cu-Fe-S 
Kullerud (1966 and 1967) described in detail the high temperature phase relations in the Cu-
Fe-S system, including liquidus relations and the wide fields of liquid immiscibility, which 
exist between Cu-Fe-S sulfides at ' magmatic' temperatures (above 1000°C). Cu-Fe-S phase 
relations are summarized mainly from Kullerud (l 967), and Craig and Scott (1974). 
Modifications as suggested by the work of Sugaki et a l. ( 1975) and Tsujimura and Kitakaze 
(2004) are elaborated on. 
Cu-Fe -S phase relations above 700°C 
Pyrrhotite is the first phase to crystallize from a Cu-Fe-S melt, crystallizing from a 
homogeneous liquid at I I 92°C. When pyrrhotite first appears upon cooling, it is copper·-free, 
with 38.42 wt% S (troilite has 36.48 wt% S). Solid solution of pyrrhotite with copper is 
evident with cool ing after initial crystallization (the maximum thermal stability of pyrrhotite 
decreases with copper content). Upon cooling to I l 29°C, digenite of near Cu2S compos ition 
first crystallizes from a melt, with no Fe, and with a slightly enriched S content relative to 
stoichiometric chalcocite (Cu2S). This phase forms extensive ternary solid solution with 
decreasing temperature - thus becoming the field of bornite solid solution, already 
accommodating up to 12 wt% Fe at - 11 00°C (Figure 2-5). At this point, pyrrhotite takes in a 
maximum of 5 wt% Cu in solid solution - surrounded by a wide, ternary, divariant liquid field. 
Upon cooling, the immiscible copper-rich liquid can no longer coexist with the ternary liquid 
in the presence of vapour, and tie lines are established between bornite solid solution and Fe 
solid solution - the latter may take in up to I 0% of copper. At I 067°C, Cu crystallizes on the 
Cu-S binary join. At 1040°C, the uni variant assemblage bornite solid solution - Fe solid 
solution (with - 5 wt% Cu) - ternary liquid is established. At 1000°C, compositionally 
stoichiometric bornite lies only just within the bornite solid solution field, with increased Fe 
solubility up to 22 wt%. 
Below 1000°C, the ternary liquid field shrinks away from the Fe-S binary. Thus, the ternary 
liquid composition field extending from the Cu-S liquidus ceases to reach the f'e-S side of the 
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I 11oo•c I 
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I 1ooo·c I + 
I aoo·c I 
s 
ru.+FHS+L 
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lu 
eu.. + bnla + Feu 
cu 
cu 
Figure 2-5: Cu-Fe-S system 900-1100°C, from Kullerud, 1967. Converted to atomic%. 
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diagram, allowing pyrrhotite to become stable with liquid su lfur. This gives rise to a divariant 
field of temary liquid, sulfur liquid, and pyrrhotite. Cu-content in pyrrhotite solid solution 
increases with decreasing temperature to about 7 wt% at 1 OOO"C. 
Numerous reactions occur between 1000 and 900"C, which establish solid solution fields and 
tie Jines. At 960"C is the first appearance of the intermediate solid solution crystallized from 
the ternary liquid with 35 wt% Fe, 32.5 wt% Cu and 31.5 wt% S. Further cooling rapidly 
establishes the flexibil ity of intermediate solid solution to take in variable relative amounts of 
the metals, but can be expressed by the chemical formula Cu1.yFe11yS2.x. The intermediate 
solid solution is normally sulfur deficient with respect to chalcopyrite and does not have a 
fixed Cu:Fe ratio. Further cooling below 940°C establishes a tie line between bornite and 
pyrrhotite, and between intermediate solid solution and pyrrhotite. At this temperature, there 
is a maximum solid solution of 32 wt% Fe in bornite and 7.5 wt% Cu in pyrrhotite. Further 
decreases in temperature gradually reduce the size of the metal-liquid field until it disappears 
in a reaction: L "" bnss + poss + Fes~ at about 910°C. Tie lines are established between 
intermediate solid solution and pyrrhotite at 935°C, where pyrrhotite solid solution with the 
intermediate solid solution allows for 7 wt% Cu in pyrrhotite. Bornite and intermediate solid 
solutions are stable together by 930"C. 
Below 900°C, the metal-rich liquid field shrinks. By 860°C, the liquid field has retreated 
sufficiently to enable tie lines between iss and S liquid. By 850"C, shrinkage of the liquid-
metal field enables tie lines between Fe-rich bornite solid solution and liquid su lfur. The 
ternary liquid field disappears at 813°C, and bornite solid solution of all compositions can exist 
with liquid sulfur. At - 750"C, pyrite becomes stable and with little cooling, establishes tie 
lines with iss. 
The experimental study of Tsujimura and Kitakaze (2004) of the Cu-Fe-S system at 800°C 
found a liquid field to exist between bomite and iss (Figure 2-6). As a resu lt of this finding, 
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s 
L +po-ss+lss 
l+Fe+Cu 
Fe Cu 
at % 
Figure 2-6: Phase relations in the Cu-Fe-S system at 800°C, from Tsujlmura and Kltakaze, 
2004. In this study, the sulfide liquid occupies a field between bornite, iss, and pyrrhotite 
indicating that tie lines between these latter phases reported in (for example) Kullerud et al. 
(1969) are metastable. 
Tsujimura and Kitakaze (2004) concluded that the tie-lines between bornite and iss and 
between bornite and pyrrhotite established by Kullerud et al. (1969) are metastable. This is 
just one example of intricacies of this ternary system (concerning the intermediate and bornite 
solid solutions), the complexity of which suggests that further details have yet to be 
discovered. 
Phase relations below 700°C 
Figure 2-7 shows phase relations in the Cu-Fe-S system from 300-600°C, which have been 
documented in Kullerud (1964), Yund and Kullerud (1966), Barton (1973), and reviewed in 
Craig and Scott (1974) and in Vaughan and Craig (1997). At 700-600°C, the system is 
characterized by three extensive fields of solid solution including digenite-bomite (bornite 
solid solution) on the CuS-rich side of the ' ternary', intermediate solid solution, and pyrrhotite 
solid solution on the FeS-rich side of the 'ternary'. At 700°C, pyrrhotite solid solution may 
take in approximately 5 wt% Cu. 
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~u 
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Figure 2-7: Cu-Fe-S system from 300-600°C, after Kullerud, 1964 and Craig and Scott, 1974. 
Other compilations show a tie-line between pyrite and covellite {e.g. Craig and Vaughan, 1978). 
Shaded grey areas correspond to the 3 solid solution fields, pyrrhotite solid solution, the 
intermediate solid solution (central), and bornite solid solution. 
With cooling, all solid solution fields begin to decrease in size. Below - 550°C, chalcopyrite 
becomes stable as an ordered, low T variant of the intermediate solid solution. I lowever, 
chalcopyrite is slightly more enriched in sulfur than most of the intermediate solid solution. 
lsocubanite appears initially between iss and pyrite, only subsequently establishing tie lines 
with the field of bornite solid solution. Covellite and nukundamite become stable upon 
cooling to 507 and 501°C respectively (Figure 2-4, Table 2-1 ). The bornite solid solution - Fe 
tic line stable at high T is broken when the system is cooled below 475°C and is replaced by a 
Cu-FeS tie line. Tie Jines are also established between pyrite, covellite, and idaite, covellite 
and bornite solid solution, and idaite and bornite solid solution. Pyrrhotite cannot co-exist 
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with chalcopyrite until a tie- line is established below -325°C (Figure 2-7 - 300°C; also in 
Vaughan and Craig 1997 in figure 8.16 therein). Low temperature phase relations in the Cu-
Fe-S system are poorly known. and thermodynamic stabilities have not been well established 
(Vaughan and Craig 1997). 
In several reviews, there are discrepancies concerning the existence of the nukundamite-S tie-
line present in several papers at temperatures of =s400°C. The nukundamite-S tie line is shown 
for temperatures at 300 and 400°C in the comprehensive review of Craig and Scott ( 1974) and 
is included on the previous diagrams (Figure 2-7). The subsequent review by Vaughan and 
Craig (1978), although citing the earlier Craig and Scott (1974) paper, shows a tie-line 
between covellite and pyrite that wou Id prevent the nukundamite-sulfur tie-line. Vaughan and 
Craig (1978) fail to point out this discrepancy, but it is in agreement with several publications 
including Yund and Kullerud (1966) and the hydrothermal study ofSugaki et al. (1975) shown 
on Figure 2~8 . 
l300°CI _.s 
at.% ,~,, 
Fe" ~cu 
Figure 2-8: Cu·Fe-S phase relations at 300°C, from Sugaki et al. 1975. A pyrite-bornite tie-line 
Is precluded by the chalcopyrite-nukundamite tie-line. The covellite-pyrite tie-line is shown as is 
a distinct chalcopyrite solid-solution field . 
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The previous experimental work investigated the Cu-Fe-S system under dry conditions using 
evacuated silica tubes. Sugaki et al. ( 1975) conducted experiments on the isothermal phase 
relations of the Cu-Fe-S system at 300-350°C, under hydrothermal conditions using the 
hydrothermal gradient transport method of Chernyshev and Anfi logov (1968). The results of 
the hydrothermal study of Sugaki et al. (1975) study are shown on Figure 2-8. There are 
significant differences between this study and the dry experimental studies previously 
described. In Sugaki et aJ. (1975) a small field of chalcopyrite solid solution separate from the 
intermediate solid solution (similar to Cabri, 1973) exists at low temperature. Also, the 
covellite-pyrite tie-l ine is shown from this study at 300-350°C. 
Barton (1973) summarized the thermochemical properties of the Cu-Fe-S system above 300°C 
on a plot of sulfur activity vs. temperature, reproduced as Figure 2-9a, showing several 
univariant assemblages and intermediate solid solution reacrions of different compositions. A 
similar study (that includes nukundamite stability) was done more recently by Lusk and Bray 
(2002), Figure 2-9b. Both of these diagrams show the stability field of chalcopyrite in fs2 vs T 
space is limited by reaction to the intermediate solid solution at lower f52, and by the reaction 
of chalcopyrite to bornite and pyrite at higher fs2. 
Figures 2-1 Oa and 2-1 Ob are T vs composition diagrams for the intermediate solid solution 
along (a) CuFeS2 and FeS and (b) CuFeS2.x and CuFeiS3• Fig. 2-1 Ob, in particular, shows the 
importance of the intermediate solid solution above - 550°C. It covers a wide range of 
compositions including the low T ordered phases such as talnakhite (Cu9Fe8S16), mooihoekite 
(Cu9Fe9S16), haycockite (Cu4Fe5S8) and cubanite (CuFe2S3), though it is usually taken to 
approach the composition of cubanite (Craig and Scott 1974), the 11idden assumption being 
that iss will be more Fe-rich when in equilibrium with chalcopyrite and pyrrbotite. lsocubanite 
is the high T cubanite variant most often considered to be representative of the intermediate 
solid solution (Caye et al. 1988). 
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Figure 2-9: Univariant assemblages in Cu-Fe-S system above 300°C. A: Key invariant reactions 
on a plot of activity of S2 vs T from Barton (1973). B: Invariant reactions on a plot of fugacity of 82 
vs T from Lusk and Bray (2002). 
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2.1.3 Complexity of mineral association 
The presence of e}l..1:ensive solid solution fields in the Cu-Fe-S system at high~T, which break 
down to assemblages of several restricted-composition phases at lowel' T, gives rise to 
complicated exsolution features which are present in many ore bodies. Interpreting these 
features is complicated by the rapid equilibration of sulfide minerals - reaction rates tend to be 
much higher for sulfides than for silicates and oxides (Barton 1970). Attempts have been 
made Lo understand exsolution textures in the Cu-Fe-S system (Brett 1964), but determining 
the timing and nature of exsolution is complex. The common exsolution textures may be 
linked to shrinkage of sol id solution fields. For example, the shrinking of bornite solid 
solution and intermediate solid solution fields on cooling would create bornite exsolving 
chalcopyrite or vice versa. Brett (1964) demonstrated that such exsolution is independent of 
original temperature and rate of cooling. 
2.1.4 Fe-S-0 
In addition to pyrite and pyrrhotite, this system (below 750°C) contains hematite (Fe20 3) and 
magnetite (Fe304). The liquidus relations for this system above 900°C, explored by Naldrett 
(1969) and Kress (1997), have important implications for sulfur melt and redox conditions in 
magmatic systems where Fe and S contribute significant components to the melt. The solidus 
relations of the system determined by Kullerud (1957) and Moh (1974) are reproduced in 
Figure 2-1 1 a, which shows the system between 560 and 675°C. 
At 743°C, pyrite first crystallizes from liquid and a tie line is established with S02• Upon 
cooling to -675°C. the reaction of pyrite+ magnetite= pyrrhotite +hematite takes place, and a 
tie line is established between pyrite and hematite. This would break the pyrrhotite-802 tie 
line postulated by Kullerud (1957) for temperatures above 675°C. Note that this tie line is 
absent in other works, which mainly focus on higher temperature relations. Below 675°C, 
pyrite is stable with magnetite and hematite - this is the first time that pyrite and magnetite 
coexist stably. However, Moh (1974) demonstrated the stability of pyrite-magnetite 
assemblages up to 720°C. In any case, when pyrrhotite ·pyrite · magnetite assemblages 
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s s 
Fe 0 
Figure 2-1 1: Fe-S-0 system. A: 560-675°C from Kullerud 1964. B: 900°C changed to atomic % from 
Naldrett 1969. Below 560°C, FeO disappears (Moh 1974). Pyrite becomes metastable between 675 and 
720°C. wu=wustite, mt=magnetite, hm=hematite 
become stable, pyrrhotite can no longer be stable with hematite. Kullerud (1964) includes an 
additional phase which disappears below 560°C - wtlstite (FeO), which is an important phase 
in liquidus phase relations. The topology of the system does not change as T decreases to 
- 250°C, but below 250°C, pyrrhotite polymorphism complicates phase relations (Moh 1974). 
The role of sulfide in controlling fs2 in natural systems is not straightforward. Barton (1970) 
states that su lfide formation is not always the result of buffering along any given sulfidation 
curve (such as py=po+S2), and that often, sulfide appears to precipitate under arbitrary 
conditions. He suggests that the precipitating solid phases are in reality an indicator of the 
sulfur activity of the depositing solution and may not always themselves buffer S2. ln this 
case, fn would be externally buffered. Many geologically feasible reactions may be written to 
buffer S2. Buffering systems include (from Barton 1970): 
1) 2FeS + 8FeSi03 + 2Fe3Q4 - 8FeiSi04 + S2 
pyrrhotite pyroxene magnetite olivine 
2) 6FeS + 8KAISb0s + 8H20 + 6Fe304 = 8KFe3AISi30 1o(OH)2 + 382 
pyrrhotite K-feldspar magnetite biotite 
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3) 4FeC03 + SFeS2 "" 3Fe304 + 4C + 582 
Fe-carbonate pyrite magnetite graphite 
Shi (1992) examined the stability of several fs2 and f0 2 buffers that may be widely applied to 
crustal rocks, calibrating for PT conditions up to I Okbar and I 400°C for several common fs2 and 
f0 2 buffering assemblages including those shown in Table 2-2. 
Figure 2-12 shows the relationship between f02 and fs2 in the Fe-0-S-Si system at 2kbar and 
600°C, which Shi ( 1992) constructed using the univariant reactions and invariant points in Table 
2-2. The implication being that these reactions can together be used to characterize fs2 and f02 
for a wide range of crustal conditions - including blueschist - eclogite conditions. 
0.2 GPa 
Hm 600°C 
-15 
t Mt 
-20 
...:::-
"' ..c Fay 
-
..!3 Py 
C'I 
0 
_, 
Po 
-26 
Fe S(g) S(I) 
-12 -2 0.5 
Log f S2 (bar) ... 
Figure 2-1 2: Fe-0..S-Si system at 0.2 GPa, 600°C, fS2 vs f02 diagram from Shi, 1992. The unlvariant 
lines around invariant points WO-Fe-Po and WO-Mt-Po In the stability field of Fay are shown as dashed 
lines, because they are metastable in a quartz-saturated system at P and T considered. 
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Table 2-2: Univariant and invariant fo2 and fs2 buffers in the Fe-0-S(-Si) system. Calculated to high P In 
Shi, 1992 
Reaction name Reaction Abbreviation 
Hematite-magnetite fo2 buffer 3Fe203 = 2Fe304 + 0.502 HM Univariant 
Fayalite-quartz maQnetite fo2 buffer 3Fe2Si04 + 02 = 3Si02 + 2Fe304 FQM Univariant 
Pyrrhotite-pyrite f s2 buffer FeS + 0.5S2 = FeS2 pp Univariant 
Pyrrhotite-pyrite-magnetite f s2"f 02 buffer 2FeS + FeS2 + 202 = Fea04 + 2S2 PPM Invariant 
Hematite-magnetite-pyrite fs2"fo2 buffer 5FeS2 + 3.502 = Fe203 + Fe304 + HM Py Invariant 
5S2 
Fayalite-quartz-magnetite-pyrrhotite fs2- Fe2Si04 + 2FeS + 02 = SI02 + FQMPo Invariant 
fo2 buffer Fe304 + S2 
2.2 Sulfides in regional metamol'phism 
2.2.1 Overview 
Though sulfides are nearly always present in metamorphic rocks (Spear 1993), their role in 
regional metamorphism has not been broadly considered. Spear (1993), in reviewing the 
prngrade metamorphism of oxides and su lfides, notes that in several regional studies pyrite gives 
way to pyrrhotite at higher grades - which would accompany the commonly observed 
transformation from hematite to magnetite at higher grades. The coexistence of these mineral 
pairs buffers the activities of oxygen and sulfur respectively by (Thompson 1972): 
6Pe20 3 4Fe304 = 0 2 
hematite magnetite 
FeS2 FeS = s 
pyrite pyrrhotite 
French (1968) considers the desu lfidation of pyrite to pyrrhotite as an isograd. The open -
system treatment of sulfides and oxides is consistent with the progressive loss of oxygen and 
sulfur with prograde metamorphism. 
Thompson (1972) points out that desulfidation reactions may not necessarily take place. Instead, 
sulfur content may be conserved, and sulfur activity may be buffered by certain mineral 
assemblages as a consequence of sulfide - silicate interaction. Similarly, Tracy and Robinson 
( 1988) conclude that isochemical metamorphism, where magnesian mineral assemblages were 
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produced through sulfidation of iron-rich silicates and oxides, had occurred in peliles from 
Massachusetts. Examples of sulfur-conserving reactions in petites include (Thompson 1972): 
6FeS2 + 2KFe:iA ISi3010 + 2AliSi0 1 + 3C = 12FeS + 2KAl3Si30w + 2Si02 + 3C02 
pyrite biotite sillimanite graphite pyrrhotite muscovite quartz 
6FeS2 + 2Fe1Al4SL101s(OH)12 + 3C = FeS + FeAbSiOs(OH)2 + 2Si02 + H10 + C02 
pyrite chlorite graphite pyrrhotite chloritoid quartz 
6FeS2 + 2Fe1Al4Si401s(OH)12 = FeS + FeAl2SiOs(OH)2 + 2Si0 2 + Fe3Q4 + H20 
pyrite chlorite pyrrhotite chloritoid quartz magnetite 
All of the above reactions (and those in Tracy and Robinson 1988) show that pyrrhotite fol'ms 
preferentially with increasing metamorphic grade. This is not necessarily always the case, the 
reasons for which are discussed in section 2. 1.1 on sulfide phase relations (Fe-S system). 
Harlov and Hansen (2005) studied sulfide and oxide isograds across a late Archean amphibolite 
to granulite facies transition in southern India. Similar to the previous studies mentioned, 
pyrrhotite is found only in the highest grade rocks, giving way to pyrite-chalcopyrite 
assemblages with decreasing grade of metamorphism, and with very few sulfide grains found at 
lowest grades in the amphibolites. Pyrite is usually found with magnetite, and the following 
reaction is used to explain the relative stabilities of the assemblages found (Harlov and Hansen 
2005): 
3FeS2 
pyrite 
+ fe3Q4 
magnetite 
6FeS + 202 
pyrrhotite 
Harlov and Hansen (2005) propose that trends in mineral assemblages result from external fluid 
infiltration in the form of a concentrated, oxidizing, S-bearing brine during high grade 
meta morphism. 
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Ellis and Hirai (I 997) demonstrate the effect of an evolving metamorphic t1uid on Sri Lank.an 
granulites subsequent to peak metamorphism, and the development of siderite-oxide-sulfide 
asesemblages. Therein, primary pyrrhotite + ilmenite + magnetite - bearing assemblages and 
seconda1·y pyrite+ siderite + rntile +magnetite are produced by association with a C02-rich fluid 
that originated from the breakdown of graphite. Siderite formed by replacement of pyrrhotite, 
pyrite, and oxides, and chemical equilibrium is limited to minerals in contact with one another. 
This is an important observation, wherein minera logy is controlled by the availability of a fluid 
phase. Treatment of a S-bearing metamorphic fluid is reviewed in section 2.2.2. 
The study of Kawakami et al. (2006) examines the effect of high T and ultra high T 
metamorphism in the Ultzow-Holm Complex, Antarctica. This study contrasts matrix sulfide 
minerals with sulfide inclusions trapped in silicate minerals such as orthopyroxene, garnet, and 
hornblende among others. Their results show that whi le matrix sulfides re-equi librated 
subsequent to peak metamorphism, sulfide inclusions preserve their composition from the time 
of entrapment, thus providing information on prograde metamorphic sulfide evolution. This 
principle, that sulfide evolution can be tracked as a function of the PT conditions of silicate hosts 
(Kawakami et al. 2006), is adopted in this thesis. 
2.2.2 S-bearing fluids !ind metamorphism 
Frost ( 1991, p. 499) states: "Phase relations involving sulfides, silicates and oxides are 
complicated by the fact that the fugacity of su lfur is a function of oxygen fugacity. In 
metamorphic environments, S2 is only a minor sulfur species." H2S and S02 are the most 
important S-species, related by the equilibrium (Frost, 1991): 
+ 
Essentially, at higher f02, S02 is dominant, while H2S will prevail at lower f02, as shown on 
Figure 2-13. Accordingly (from Figure 2-13), in most metamorphic environments H2S will be 
the dominant S species. When considering processes, a reaction should be written with H2S as 
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L\log f02 
T°C 
Figure 2-13: From Frost. 1991 . i::llog f02 vs T diagram showing the location of the sulfate-sulfide 
curve, the oxygen buffers MH and FQM (Table 2), and the graphite saturation curve. Lilog f02 is 
normalized relative to FQM. 
the sulfur species (F rost, 199 I) as opposed to S2• For example, the pyrite-pyrrhotite 
desultidation reaction can be written as (Frost, 1991 )· 
2FeS2 + 21-hO = 2FeS + 2H2S + 02 
pyrite pyrrhotite 
- to reflect the speciation of S in the metamorphic fluid. This lends support for previous 
observations (above from Harlov and Hansen, 2005 and Ellis and Hiroi, 1997) where pyrite 
occurs in more oxidized environments, and pyrrhotite in more reducing environments. This is 
the general trend observed in metamorphic rocks, where pyrite is common to metabasites and 
pyrrhotite is common to metamorphosed peridotites and pelites (Frost, 1991). 
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The absence of sulfide minerals in some metamorphic rncks may be due to the composition of 
the fluid phase. For example, on Figure 2-1 2, at high f02 sulfide will no longer be stable (Shi, 
1992 considering the Fe-Si-0 -H-S system). Interestingly, the same can also be said for 
metamorphic conditions at very high fs2 and fs02, though not for f H2, f1120 or fH2s· This is because 
the uppermost stabilities of pyrrhotite and pyrite assemblages correspond to the hjghest f02, fs2 
and fso2, and the lowest f H2, fH2o and f1125 (Shi 1992, see figure 9 therein). 
2.2.3 Previous studies of sulfide in eclogite 
Previous studies concerning sul fide minerals in eclogite facies rocks focus almost entirely on the 
nature of sulfide inclusions in xenoliths and kimberlites: normally, the main objective of these 
studies is to discern some aspect of the nature of the mantle from which they are derived (Meyer 
ar1d Boctor 1975, Fleet and Stone 1990, Szabo and Bodnar 1995, Shaw 1997, Zajacz and Szabo 
2003). Very little work has been done to document sulfide minerals in blueschist - eclogite 
terrancs. Two studies on Japanese glaucophane-bearing metamorphic terranes describe sulfide 
and oxide mineral transitions. Banno and Kanehira (1961) describe pyrite and hematite within 
greenschist and blueschist of the Sanbagawa and Abukuma terranes, giving way to magnetite 
and ilmenite at within higher temperature amphibolite facies assemblages. Kanehira et al. ( 1964) 
perceived the predominance of pyrite wirhln basic rocks and of pyrrhotitc within pelitic schists, 
in glaucophane-bearing terranes across Japan. 
ln New Caledonia there have been 2 noteworthy studies. The first concerns the effect of 
subduction metamorphism on mass ive sulfide deposits (Briggs ct al. 1977). The second 
considers the importance of oxides, titanite, and sulfide minerals for evaluating the flu id 
evolution of the high P belt (ltaya et al. 1985). 
Studies of sulfide inclusions in mantle-detived cclogite - Ni-bearing sulfide. 
Eclogite xenoliths from the upper mantle can be exhumed through entrainment within basaltic 
and kimberlitic rocks followed by rapid extrusion. Sulfide inclusions from the mantle are found 
within such eclogites, and also within clinopyroxene, garnet, and diamond megacrysts from the 
32 

Chapter 2: A review of sulfide phase relations and sulfides in 1·egio11a/ metamorpltlsm 
upper mantle (F leet and Stone 1990). 
Cu-Fe-Ni sulfides are pervasive accessory phases in mantl~derived rocks. The common sulfide 
mineral assemblage observed in association wiU1 mantle xenoliths and diamonds is pyrrhotite-
pentlandite ((Fe,Ni)9Ss) with minor chalcopyrite (Tsai et al. l 979). Other than pentlandite, 
sulfides are variably nickel-bearing to some degree, usually with monosulfide solution, Ni-
pyrrhotite and even Ni-pyrite (or marcasite) in some assemblages. One of the earliest studies to 
focus on opaque minerals in kimberlitic eclogite observed sulfide minerals to generally occupy 
an interstitial. matrix position with respect to silicates, with only few occurrences of sulfide 
"droplets" within a silicate phase (Meyer and Boctor 1975). However, most recent studies focus 
on sulfide inclusions either within diarnond, or within a silicate phase. For instance, Zajacs and 
Szabo (2003) observed pyrrhotite, pentlandite, chalcopyrite, and cubanite inclusions within 
clinopyroxene, amphibole and spinel. Inclusions within amphibole (metasomatic) and interstitial 
matrix sulfide in this study were irregular and described as highly oxidized. Jnclusion sulfides in 
clinopyroxene, garnet, and diamond are usually thought to be primary - that is, completely 
enclosed during host mineral growth in the upper mantle, thus sampling the sulfide composition 
in the upper mantle. ln contrast, sulfide minerals within fractured inclusions and interstitial to 
silicates. have been found in some cases to renect a progressive change in composition induced 
by retrogression (e.g. Lorand and Gregoire 2006). 
The striking difference between sulfide inclusions derived from mantle eclogite, and those found 
hosted in lawsonite and garnet in New Caledonian eclogite is the scarcity of Ni in New 
Caledonian sulfide inclusions (this thes is, Chapter 4). 
Previous studies in New Caledonia 
Several Pb-Zn-Cu mines have been operational in the past in northeastern New Caledonia. Five 
of these mines exist along a stratigraphic Cretaceous horizon, crossing the metamorphic isograds 
of Black (1977) and thus pre-dating the ultimate Eocene high P metamorphism. The high-P 
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metamorphism of these deposits was studied as part of Briggs' PhD thesis (1975), published in 
Briggs et al., 1977. A brief summary of this study follows. 
Strata-bound sulfide deposits preserve no indication of a high P metamorphic event (in his 
words: "unlike many of the silicates in the wall rocks, the sulfides appear to be stable over a 
wider range of P conditions"). There are however several interesting details: 
1) pyrrhotite is present in low and high P mine sites 
2) bornite is absent in low P mine samples 
3) cubanite is present only at Ba lade (Briggs et al. I 977) - a high P deposit 
4) chalcopyrite and pyrite are always present 
Generally, grain size of the deposits increases with metamorphic grade. Covellite present in high 
P samples indicates retrogression must have occurred below 500°C, the maximum Tat which it 
is stable. Covellite formation is frequently described to be secondary in many copper ores. 
Spha1erite compositions are P dependent (Barton and Skinner 1966), showing an increase in Fe 
content with increasing metamorphic grade. 
Briggs el al. (1977) also concluded that monoclinic pyrrhotite was retrograde, and that 
temperatures of 455 - 500°C, calculated using Toulmin and Barton's pyrrhotite geothermometer 
(J 964), were too high to be of value when compared to oxygen isotope thermometry available at 
the time. Oxygen isotope thermometry (Black 1975) yields significantly lower temperatures 
than determined with recent geothermobarometry. Current temperature estimates for the high P 
belt implies that Briggs' pynhotite temperature estimates are lower than peak metamorphic 
temperatures by - 50-100°C. However, textural descriptions do not preclude either retrograde or 
prograde pyrrhotite formation. The Balade shear zone has been characterized as a late, 
greenschist-facies structure formed following a period of isothermal decompression of the 
eclogite-blueschist terrane (Carson et al. 2000). PT estimates with.in the shear zone suggest 
conditions of 0.9 GPa (Carson et al. 2000) and -650°C for the onset of deformation. It is likely 
that retrogression of sulfide minerals in the Balade deposit was facilitated along this structure. 
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The study of ltaya et al. (1988) considers sulfides, oxides, and titanite in basic and pelitic rocks 
in the high P belt in northern New Caledonia. These authors clarify the paragenesis of oxides 
and titanite. Sulfur fugacity estimates on pelites and basites containing pyrrhotite, pyrite and 
rntile indicate that sulfur fugacity is increasing with increasing metamorphic grade. Moreover, 
the tluid composition during metamorphism is concluded to have altered during prograde 
metamorphism, where fmo was decreasing with increasing fc02, fe114, and fu2S that accompanied 
'massive decarbonation' by (ltaya et al. 1985): 
C + 2112 >>> CH~ 
Sulfur fugacity (and thus H2S concentration) was either controlled by silicate assemblages: 
Fe6Si401o(OH)s + 
Chlorite 
6FeS2 = 
pyrite 
12 FeS 
pyrrhotite 
+ 2Si02 + 502+ 4 H10 
quartz 
or resulted from the open-system desulfidation of pyrite to pyrrhotite. The former is preferred by 
the authors. 
There is limited documentation of sulfide assemblages in ltaya et al. (1985), but their 
observations are considered herein. One of the authors (Professor P.M. Black) has provided 
clarification on certain sample locations, and given permission to work on similar samples from 
this study, sent from the University of Auckland - all of which are sulfide-bearing, and lie within 
the epidote metamorphic zone referred to in subsequent chapters. 
2.3 Importance of sulfide± oxide phase relations to this study 
Knowledge of sulfide order-disorder transformations and chemical unmixing is central to 
understanding sulfide petrography in New Caledonia, owing to the rapid equi libration of sulfide 
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minerals with cooling (an order of magnilude faster than silicate equilibration - Barton 1970). 
During retrogression, sulfide structure and composition is not only susceptible to rapid changes 
induced by cooling, but also by fluids, whose influx in New Caledonia has been facilitated along 
greenschist facies shear zones which helped generate abundant glaucophanite (Carson et al. 
2000). It is likely that most matrix sulfide minerals would behave as part of an open system, 
where f52 is controlled and varied by an unknown, external, fluid phase. 
Sulfide minerals that become isolated from the matrix as inclusions in prograde porphyroblasts 
have been effectively armored against external changes in f52• This thesis assumes that such 
inclusions would function as a closed system, and therefore, have not been subject to changes 
induced by retrogression or fluid influx. However, it is expected that some sulfide inclusions 
will experience isochemical unmixing. For instance, many Cu-bearing sulfide minerals are not 
stable at peak temperatures experienced for eclogites (Table l ). Covellite and idaite are only 
stable below 500°C, and chalcopyrite is only stable below 550°C. The intermediate solid 
solution, the high temperature Cu-Fe-S equivalent of chalcopyrite, would invert very quickly 
upon cooling, but the change would be isochemical. One possibility is: 
Cuo.66Fe1 ~381 
intermediate solid solution 
0.66FeS 
pyrrhotite 
+ 0.66CuFeS2 
chalcopyrite 
In Chapter 4, bulk area analyses of sulfide inclusions are used to estimate original monosulfide 
compositions prior to unmixing. The theoretical stability of sulfides as a function of P will 
evaluated using existing thermodynamic data in Chapter 5. 
In addition to being able to substantially modify the sulfide mineralogy with shifts in f52, fluids 
also modify redox conditions. f02 in eclogites is often assessed through comparison to the 
common buffers which control oxygen in s ilicate~ and sulfide~bearing systems. These buffering 
pairs normally involve magnetite (see Table 2-2 and Figure 2-12). Though it is possible to 
calculate the phase relations for these buffering systems to pressures and temperatures consistent 
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with blueschist-eclogite facies metamorphism, it would only be valid for magnetite-bearing 
systems. However, magnetite is never stable in eclogite. This fact has been known for decades: 
in the presence of plagioclase, magnetite is consumed during eclogitization (Green and 
Ringwood 1967). The problem of how to evaluate redox conditions in eclogites is discussed in 
Chapter 6. 
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CHAPTER3 
Regional geological setting and petrography of New Caledonian 
blueschist and eclogite 
3.1 Introduction 
The blueschist - eclogite belt of northern New Caledonia has been the subject of several 
metamorphic, petrological, and structural studies over the past thitiy years. What is most 
important to this work is that without a doubt, the rocks in question experienced 
metamorphism as a consequence of being subducted at a convergent plate margin, and that 
sulfide minerals enclosed within high P silicate phases can be assumed to sample the 
subducted slab at a given depth and T. 
The previous work of Briggs et al. (1977) and rtaya et al. (1985) in the area, both of which 
included work on the sulfide minerals, is unique in the sense that they are perhaps the only 
studies that address sulfide mineralogy of rocks metamorphosed to eclogite facies in a 
subduction setting. Briggs et al. (1977) interpret the metamorphic effect of subduction on the 
massive sulfide deposits of Balade and Murat mines in the high pressure belt of northern New 
Caledonia to be minimal. Herein, the suggestion is raised that late greenschist-facies shear 
zones influenced the preservation of metamorphic textures and mineral assemblages. For the 
most part, observations of su lfide mineralogy and textures come from the metamorphosed 
sedimentary rocks and basalts. Jtaya et al. (1985) is possibly the only previous study that 
begins to document the sulfide mineralogy of arc-related eclogites, though there are numerous 
studies that describe sulfide minerals in eclogitic xenoliths and kimberlites (e.g. Fleet and 
Stone, 1990; Shaw, 1997; Zajacs and Szabo, 2003) as shown in the previous review (Chapter 
2, section 2.3. l). The Itaya paper - both descriptively and in terms of data collected - is 
prin1arily concerned with the minerals ilmenite, rutile and titanite to model the metamorphic 
fluid evolution of the high pressure rocks. 
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3.2 Review of New Caledonian High Pressure belt 
3.2.1 Regional Geological Setting 
New Caledonia is a - 400 km - long lozenge of exposed crust in the southwest Pacific (Figure 3-
1 ). ln the context of the present tectonic configuration of the region, the island is one of the few 
po1tions of the continental Norfolk Ridge that lies above sea level (Sdrolias et al. 2004). It is 
sun-ounded by submerged continental ridges, volcanic-arc ridges, and (extinct and active) back arc 
basins. The Norfolk Ridge is itself considered to be a piece of continental crust rifled from the 
Gondwana margin in the late Cretaceous (Sdrolias et al, 2004). To the north, the Loyalty Ridge is 
interpreted as an Eocene island arc and the North Loyalty basin its associated back arc basin. The 
narrow South Loyalty basin that lies between New Caledonia and the Loyalty Ridge is floored by 
oceanic lithosphere contiguous with the Eocene-obducted ophiolite that overlies much of southern 
New Caledonia (Cluzel et al. 2001; Collot et al. 1987). South of the Norfolk Ridge, the nature of 
the New Caledonian basin crust is uncertain, possibly a mixture of oceanic and/or thinned 
continental crust (Cluzel et al. 200 I). Currently, the northern limb of the Norfolk Ridge - the 
d'Entrecasteaux Ridge - and the Loyalty Ridge are being subducted into the New Hebrides trench. 
New Caledonia is a mosaic of diverse terrancs, which includes a Mesozoic basement complex 
overlain by a series of Cretaceous to Eocene sedimentary sequences and a variety of mafic and 
ultramafic ophiolitic nappes (Figure 3-2). The high P/ low T type metamorphic rocks which are 
the focus of this study, are located in the northeastern portion of the island. They have been 
divided into the Diahot and Pouebo terranes on the basis of differences in protolith lithology, 
geochemistry, metamorphic grade, and structural features (Brothers, 1974; Black, 1975 and 1977; 
Briggs et al. 1978; Brothers and Yokoyama, J 982; Clarke et al. 1997; Rawling and Lister, 2002). 
A detailed discussion of the high P/low T type metamorphic belt and plausible models considered 
for eclogite formation follows a briefoutline of the island's geological setting. 
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Figure 3-1: Regional map of the SW pacific showing the location of the study area in northern New 
Caledonia. New Caledonia is the only portion of the Norfolk ridge that lies above sea level. 
The basement rocks of New Caledonia comprise three different Mesozoic arc-derived terranes: the 
Permian to Jurassic island-arc derived Teremba terrane (Paris, 1981 ); the schistose, 
metasedimentary rocks of the Boghen terrane (Aitchison et al. 1995); and the late carboniferous, 
fore arc related Koh ophiolite (Aitchison et al. 1998; Cluzel et al. 2001). These tcrranes were 
amalgamated to Australian Gondwana by the Early Cretaceous. 
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Figure 3-2: Regional geology of New Caledonia from Aitchison et al. 1995 and Clarke et al. 1997. The 
geology of the study area enclosed within the rectangle is elaborated in Figure 3-5. 
T he New Caledonian basement is unconformably overlain by a sequence of Late Cretaceous to 
Eocene sandstones, siltstones, shales and carbonates, the lowermost units marking the onset of 
rifting during the break up of Gondwana (see especially Brothers, 1974; Paris, J 981; Aitchison et 
al. 1995; Cluzel et al. 2001 ). This sequence is conformable with the Diahot blueschist terra.ne, 
described below. In some a reas (including the Diahot area), the package contains rift or arc-
related volcanic rocks (Maurizot et al. 1989). 
The Poya terrane is predominantly made up of matic rocks which extend for 200 km along the 
western coast of New Caledonia, and it structurally underlies the ultramafic Ophiolite Nappe 
complex to the south. Tt is a tectonically shuffled sequence of pillowed and massive basalt, 
diabase, and gabbro with some associated chert horizons (Cluzel et al. 200 I). The age of the Poya 
terrane was determined from the late Cretaceous and Paloegene faunas interlayered with basaltic 
lithologies. Sedimentation within the basin in which the basalts were erupting was ongoing 
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between --80 to 55 Ma (Cluzel et al. 200 I). Paleomagnetic data establishes the allochthonous 
nature of the Poya terrane; the basalts were generated a couple of hundred kilometers north of their 
present location (Ali and Aitchison, 2000). The Poya was thrust over New Caledonia during the 
Mid to Late Eocene - prior to the abduction of the massive southern ophiolite complex. A genetic 
relationship is proposed to link the Poya and Pouebo terranes on the basis of geochemical 
comparisons (Cluzel et al. 200 J ). 
The Ophiolitic Nappe covers more than one third of New Caledonia. It is composed of 
mafic/ultramafic cumulates: harzbnrgite and dunite, with some gabbroic material, the larger 
portion of1hesc cumulate rocks having been eroded or detached at some point previously (Cluzel 
et al. 2001). K-Ar ages from mafic dykes which cross-cut the ultramafic rocks yield two age 
groups at 80- I OOMa and 50 Ma (Prinzhofer I 98 I, in Cluzel et al. 200 I). The younger age may 
correspond to the onset of subduction of the South Loyalty basin. In any case, the culminating 
event in the tectonic evolution of New Caledonia, was the obduction of the Ophiolitic Nappe at ca. 
34 Ma (Cluzel et al. 2001 ). 
High P/Low T metamorphic belt 
The high pressure metamorphic belt in the northeast of the island is one of the most extensive 
blueschist- to eclogite-facies terranes in the world covering an area of more than 2000 km2 (Lillie 
1975). From southwest to northeast, there is a progressive increase in metamorphic grade (Black 
1977). In many places (perhaps all), true isograds have been removed by normal faulting related 
to late-stage exhumation and extension (Rawling and Lister 2002), accounting for the rapid 
increase in metamorphic grade to the north. 
In recent studies, the belt has been subdivided into the Diahot and Pouebo terranes on the basis of 
tectonostratigraphy (Cluzel et al. 1994; Clarke et al. 1997; Carson et al. 1999). Early work 
established that the highest stratigraphic units retain the highest pressure mineral assemblages 
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within the Diahot (Brothers 1974 ). The Dial10t terrane consists of a range of lawsonite to epidote-
oinphacite bearing blueschist, whose dominant protoliths were Cretaceous sandstones and 
siltstones. To a lesser extent, it comprises related lenses of basalt, rhyolite, chert, conglomerate 
nnd carbonate (Briggs et al. 1978). The petrology of the Diahot terrane metabasites between the 
villages of Pam and Ouegoa along the Pam peninsula indicates two dist inct prograde metamorphic 
events (Fitzherbert et al. 2003). MI assemblages are patchily preserved; typically, metamorphic 
minerals ( omphacitc, chlorite, lawsonitc, glaucophane) completely pseudomorph igneous 
plagioclase and augite. S2 deformation fabrics envelop MI assemblages, increasing in intensity 
toward the northeast, and preserve M2 transitional blueschist to lower eclogite-facies assemblages. 
Peak metamorphic conditions indicated from the Diahot metabasites occurred at PT conditions of 
T "" 600°C and P "" J.7 GPa (Fitzherbert el al, 2003). The Diahot is thought to be tectonically 
underlain by the Pouebo terrane (Carson et al. l 999 and 2000). 
Black and Brothers (1977) suggest the mafic eclogites of the Pouebo terrane represent the 
metamorphosed equivalent of a back arc basin sequence. The lithology of the Pouebo terrane is 
described by some as being dominated by metamorphosed basa ltic units, referred to as eclogite 
and garnet glaucophanite (Clarke et al. 1997; Carson et al. 1999). However, Spandler et al. (2003) 
point out that there is a wide variety of rock types associated with this terrane including significant 
amounts of pelitic and ultramafic material, and refer to it as the Pouebo Eclogitic Melange. Peak 
metamorphic conditions of P - 1.9 GPa and T - 600°C (Carson et al. 1999) are described for 
mafic, omphacitc-garnet eclogite. Semi-pervasive tluid int1ux during isothermal decompression 
formed garnet glaucophanite at P - 1.6 OPa (Carson et al. 2000). 
The entire belt experienced high P metamorphism in response to the attempted Eocene subduction 
of the New Caledonian basement terranes. Various models have been proposed to explain the 
origin of the belt. The high P rocks are located within a large regional antiform. The structLtre has 
been interpreted as a metamorphic core complex, with eclogite coring the antiform (Aitchison et 
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al. 1995; Clark et al. 1997). However, the detailed structural studies of Rawling and Lister (1999 
and 2002) show that eclogites form a sheet that lies along the northern limb of the antiform. High 
pressure rocks were exhumed at some point, likely during a period of crustal extension, followed 
by a period of compression which formed the foliation antiform. Several authors have proposed 
that there is a link between the obduction of the New Caledonian Ophiolite Nappe and the eclogite 
forming event (Cluzel et al. 200 J, Rawling and Lister 2002). However, recent work constrains the 
timing of peak metamorphism to 44 Ma, I 0 Ma prior to the obduction of the New Caledonian 
Ophiolite Nappe (Spandler 2005). Spandler (2005) suggests that timing of peak metamorphism in 
New Caledonia is tightly linked to lhe large scale re-organization of the plate tectonic 
configuration that was ongoing in the southwest Pacific at this time. 
Classical petrology 
In order to understand sulfide minerals in any regionally metamorphosed terrane one must also 
have an understanding of the silicate mineral assemblages seeing that the bulk of existing 
quantitative pressure-temperature determinations depend on the latter. A list of mineral 
abbreviations used in the text and on figures is given in Table 3-1 . 
Blueschist-cclogite terrancs - overview 
Subduction zone metamorphism is recorded in blueschist-eclogite tcrranes. The prograde PT path 
passes consecutively through the zeolite, prehnite-pumpellyite, blueschist, and eclogite facies, 
producing zeolites, prehnite+pumpellyite, lawsonite, crossite-glaucophane, aragonite, epidote, 
omphacite, and garnet (Figure 3-3 after Spear 1993). This has been shown in several studies of 
ancient subduction zone P-T-t pathways, many of which have been summarized by Ernst ( 1988). 
43 

Chapter 3: Ove111iew of New Ca/edonirm blueschisl and eclogile 
Table 3-1: Mineral compositions (from Deer et al. 1992) and abbreviations used in diaorams. 
Mineral Endmember compositions Abbreviation 
Plagioclase Na(AISi30e] - Ca[Al2Si2]0e Pl 
Al bite NaAIShOs Ab 
Anorthlte CaAl2Si20a An 
Augite (Ca, Mg, Fe2+, Al)2(Si, Al)20s Aug 
Lawsonite CaA'2[S'201 ](OH)2.H20 Lws 
Omphacite (Ca, Na)(Mg, Fe2•, Fe3•, Al)Sl20s Om 
Actinolite Ca2(Mg,Fe2•)s[Sia022](0H,F)2 Act 
Barroisite NaCaMg3.%Si1AI022(0H)2 Brs 
Hornblende (Na,K)o.1Ca2(Mg,Fe2•,Fe3+,Al)sSls-rA12-os022(0H)2 Hbl 
Glaucophane Na2Mg:iAl2[Sia022](0H)2 Gin 
Spessartine Mn:iAl2Si3012 Sps 
Almandine Fea2•Al2Sia012 Alm 
Grossular Ca:iAl2Si3012 Grs 
Py rope Mg:iAl2Sis012 Prp 
Epidote Ca2(f e3•,Al)Al20 .OH .Si201.Si04 Ep 
Clinozoisite (zoisite) Ca2(Al,Fe3+)Al20.0H.Si207.SiQ4 Czp 
Phengite K2(Fe,Mg)1Al4Sir020(0H ,F)4 Phg 
Paragonite Nai,Al4(Sis.Al2020]( OH)4 Pg 
Chlorite (Mg,Fe2•,Fe3•,Mn.A1)12[(Si,Al)a020](0H)1s Chi 
Rutile Ti02 Rt 
Titanite CaTi[Si04J(O,OH,F) Ttn 
Magnetite Fe3Q4 Mt 
Hematite Fe203 Hm 
Pyrite FeS2 Py 
Pyrrhotlte Fe1-xS Po 
Chalcopyrite CuFeS2 Cp 
Intermediate solid solution Cu1.yFe1+yS2-x lss 
Bornlte CusFeS4 Bn 
Cubanite CuFe2Sa Cb 
ldaite CuaFeS4 Id 
Covellite CuS Cv 
Chalcocite Cu2S Cc 
Digenite CuaSs Dg 
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Figure 3-3: PT diagrams from Spear (1993). A: metamorphic facies and Al2SiOs triple point for reference. B: 
Subduction geotherm with typical retrograde pathway for alpine-type subduction complexes, including New 
Caledonia. The ellipse indicates peak metamorphic conditions for New Caledonian hornblende zone eclogite 
(Clarke et al. 1997 and Carson et al. 1999). 
The preservation of peak P mineral assemblages is dependent on the retrograde PT path. In 
'Franciscan' type subduction metamorphism, the retrograde pathway is almost parallel to the 
prograde one: the preservation of peak mineral assemblages (without substantial overprinting) is 
common (Ernst 1988). However, following peak metamorphism, the PT history of many 
blueschist-eclogitc terranes may continue in a clockwise manner owing to further heating and/or 
isothermal decompression. In this scenario, peak mineral assemblages are typically overprinted by 
amphibolite and greenschist facies minerals. This type of subduction metamorphism is termed the 
'Alpine' type (Ernst 1988), and includes the New Caledonian high pressure belt that is the focus of 
this study. 
New Caledonia was chosen as a study area owing to the extent and variation in metamorphism of 
the high pressure belt. Prom SW to NE, metamorphic grade is increasing from lawsonite-
blueschist to hornblendc-paragonite-eclogite conditions (Figure 3-4). Various mafic eclogitcs and 
hydrated garnet-glaucophanite contain the highest pressure mineral assemblages and occur within 
the Pouebo terrane (Clarke et al. 1997 and Carson et al. 1999 and 2000). Numerous studies exist 
45 

-"'" 
°' 
• Pouebo terrane (eclogrte predominant) ·~ \ c:: Diahot terrane (bluesdlisl predominant) • Diahol lerrane (mafic rode type predommanl) N • Cretaceous lo Eocene seefrnentary and volcanic rocks t ~ • T nassic-Jurassic foonations - t ,L~!. • Basal! 
• Ophiolite 
_ omphncite in 
0 10 20 30 40 garnet i11 
kilometers 
Figure 3-4: Geology map of the study area, the high P belt of NE New Caledonia. lsograds and geology are adapted from Black 1977, Maurizot et al. 1989, 
RavAing and Lister 1999, and Fitzherbert et al. 2003. Locations are for samples listed in Table 3-2. 
~ I~ 
..... 
C) 
'C 
Ii· 
'-c 
'.Q, 
~ 
~ 
~ 
~ 
~· 
~ 
::-
Cb 
~ 
~ 
~ 
~ 
~ 
'~ I~ 

Chapter 3: Ove111iew of New Caledonian blueschist and ec/ogitc 
concerning the petrology and mineralogy of the high pressure belt including Brothers ( 1974), 
Black (1975 and 1977), Yokoyama et al. (1986), ltaya et al. (1985), Carson et al. (I 999 and 2000), 
Clarke et al. ( 1997), Fitzherbert el al. (2003 and 2005). An overview of the major changes in 
mineralogy between silicate mineral zones is presented. 
3.2.2 Clnssical petrography (previous work) 
Black ( 1977) describes in detail the sequence of isograds from lawsonite-albite blueschist to 
eclogitic gneisses. This same paper contains a simple summary diagram of the systematic changes 
in mineralogy in metasedimentary and meta basic rock types across metamorphic grade (figure 2 in 
Black 1977). The major changes are summarized herein. Available thermobarometry 
corresponding to mineralogical changes is plotted on Figure 3-5. 
!,,awsonite zone: The first appearance of lawsonite occurs as igneous plagioclase breaks down to 
lawsonite + albite. Igneous clinopyroxene in basic lithologies remains into the rnid-lawsonite 
zone, at which point it then reacts with albite to form omphacite ("MI" omphacite). Fitzherbert et 
al. (2003) show that clinopyroxene - augite - is always enclosed by actinolite or omphacite that in 
turn may be enclosed by a rim of glaucophane. This is zone 1 of Fitzherbert et al. (2003) with PT 
conditions of 0. 7-1.0 GPa; 350-400°C. 
Garnet zone: In pclitic metasedimentary rocks, spessartine becomes stable in the higher grade 
portions of the lawsonite zone. F'or descriptive purposes, several workers have found it useful to 
pa1tition the higher grade garnet-bearing portion of the lawsonite zone into the garnet zone. 
Within the metabasites, spessartine has been described, though is apparently rare (F'itzherbert et al. 
2003 -zone 2a ""-1.0-1.4 GPa, 400-450°C). 
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Mineral assemblages and isograds from Schmidt and Poli (1998) from experiments for water-saturated mid-
ocean ridge basalt. Lawsonite-to anorthlte transition is from (1) Liou (1971 ). grt =garnet, ep = epldote, zo = 
zoisite, amph = amphibole. Other abbreviations are as in Table 3-1 . 
Triangles are PT estimates for rock types as labelled {I.e. is-blueschist etc.) from the Dlahot terrane 
(Fitzherbert et al. 2003), circles (Carson et al. 1999 and 2000) and squares (Clarke et al. 1997) are PT 
estimates from metabasic eclogite from the Pouebo terrane. The lowest pressure estimate is from an 
eclogite reworked in a greenschist-facies shear zone (the Balade shear zone). 
The first appearance of lawsonite is controlled by the transition from plagioclase to lawsonite and alblte (Black 
1977). This corresponds to rocks with compositions crossing the Is isograd (Figure 3-4), within the ls-amph-chl· 
ab-q zone on the diagram above. Spessartine garnet first appears In the higher grade portion of the lawsonite 
zone ( corresponding to the ls-cht-gl-g-cpx-q zone). Igneous augite is first transformed to omphacite by a reaction 
with albite. 
The lawsonite to epldote transition zone is the next major boundary. This is described by the breakdown of 
lawsonite by reaction with Fe-chlorite, amphibole to zoisite, almandine, Mg-chlorite, and glaucophane (Black 1977) 
for all rock types. 
Clinopyroxene as omphacite is not stable for all rock types until alblte, zoisite, and glaucophane react to form 
omphacite, almandlne, paragonite and hornblende (Black 1977). 
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Transitional lawsonite - epidote zone: Epidote pseudomorphs after lawsonite crystals are 
described for metabasite lithologies in this transitional zone. The first appearance of almandine 
garnet occurs within this zone, though spessartine garnet has been noted to remain stable within 
pelitic metasediments (Black 1977). 
Epidotc zone: Epidote occurs as large idioblastic grains ubiquitously within metabasites of the 
Diahot terrane (zone 2b: 1.4-1.5 GPa, 450-500°C, estimated from Fitzherbert et al. 2003), and 
paragonite begins to occur within some of the mafic rock units, along with barroisitic hornblende. 
Almandine garnet is stable in all rock types, spessartine is absent (Black 1977). Lawsonite is 
never observed to be in equilibrium with matrix grains, and only occurs as inclusions within 
garnet. 
Qmphacite zone: Omphacite is stable in pelitic rock types for the first time (zone 3 of Fitzherbert 
et al. 2003 - 1.4-1.6 OPa, 550-580°C); new "M2" omphacite is observed in metabasites. 
Hornblende zone: Black ( 1977) shows a hornblende isograd (see figure 1 therein). Within the 
structurally uppermost Diahot metabasites, actinolite is completely transformed to hornblende. 
This area denoted by Black (1977) corresponds to zone 4 (including part of the Diahot and the 
entire Pouebo terrane) of Fitzherbert et al. (2003) with PT conditions of 1.7 GPa; 600-620°C. This 
PT estimate (from Diahot metabasites) varies slightly from the PT estimate of- 1.9 GPa and 600°C 
given by Carson et al. ( 1999) for Pouebo terrane eclogites. Basic rocks from the Pouebo terranc 
have been divided into Type J and Type II eclogites (Clarke et al. 1997; Carson et al. 1999). Both 
types are dominantly hornblende-garnct-zoisite rocks, with variable omphacite. Type 11 eclogites 
are easily recognizable in the field because they are lighter in colour owing to the presence of large 
euhedral zoisite laths with abundant phengite and paragonite. Fitzherbe1t ct al. (2003) incorporate 
Type 11 eclogite back into the Diahot terrane - many are located marginal to the Pout~bo terranc. 
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The Pouebo terrane is accurately described as a melange of differing lithologics, comprising 
several mafic rock types (at least 8, Spandler 2005) including several varieties of eclogite, garnet 
glaucophanite, garnet-amphibolite, grcenschist, and less abundant metasedimentary and ultramafic 
lenses some of which may share a common origin with the Diahot terrane rocks (Brothers 1985 
and Yokoyama et al. 1986). 
Although most recent papers, including those with thermobarometric data, do not show the 
hornblende isograd of Black (1977), it is included in this thesis because differences in PT 
conditions across this boundary correspond to different sulfide mineral assemblages (Chapter 4). 
3.3 Silicate-oxide-sulfide pctrography, NE New Caledonia (this study) 
Fieldwork and sampling was conducted along the Pam Peninsula and up many creeks, with 
transects along the Bonde and Ouegoa roads cutting the Diahot terrane across strike. Sample 
locations are shown in Figure 3-4 with their corresponding location in PT space on Figure 3-6 in 
keeping with the PT grid of Figure 3-5. In addition to samples that l collected, are samples from 
Dr. Carl Spandler's PhD work mainly within the Pouebo terrane, samples borrowed from the 
University of Sydney, courtesy of Professor Geoff Clarke and Dr. Joel Fitzherbert, as well as 
samples sent to me by Professor PhWippa Black at the University of Auckland. Although I 
sampled broadly across metamorphic grade whi le undertaking field work, th~ samples from these 
other sources contributed invaluably to overall coverage of the area; every effort was made to 
obtain a complete section across metamorphic zones. The samples from the University of Sydney 
are predominantly from the south side of the Pam Peninsula, sulfide-bearing sections from well-
preserved and only faintly retrogressed rocks within the Diahot blueschist sequence; most of Dr. 
Spandler's samples are found along the other side of the Pam peninsula, with some along the 
highway from Ouegoa and to the south; the four samples donated by Professor Black are located 
within the epidote metamorphic zone near Ouegoa (these samples were thought to be the best 
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Figure 3-6: Metamorphic field gradient for New Caledonian subduction metamorphism. Grey squares denote 
PT constraints used for indicated metamorphic mineral zone referred to in this study: 
Ls zone: 0.7-1 .0 GPa, 350-400°C Fitzherbert et al. (2003) 
Ep zone: 1.4-1.5 GPa, 450-500°C Fitzherbert et al. (2003) 
Om zone: 1.4-1.6 GPa, 550-600°C, Fitzherbert et al. (2003) 
Hb zone: 1.7-1.9 GPa, 600-620°C, Fitzherbert et al. (2003) and Carson et al. (1999) 
Greenschlst facies retrogression passes through 0.9 GPa, 510°C, Marmo et al. (2002) 
Metamorphic mineral zone names, location of lsograds: 
Ls zone: Lawsonite is stable. In keeping with the isograds of Brothers (1970) and zone 1 of Fitzherbert et al. 
(2003). 
Ep zone: Epidote (cllnozoisite) is present. Lawsonlte is no longer found, except as inclusions within silicate 
minerals. 
Om zone: Corresponds to the first appearance of omphaclte in metasedimentary lithologies. 
lsograd data for Ep and Om zones from Maurizot et al. (1989), Yokoyama et al. (1986), Black (1977), Clarke et al. 
(1997), and Brothers (1985). Ep zone and om zone correspond to zones 2 and 3 respectively of Fitzherbert et al. 
(2003). 
Hb zone: Based on Black (1977), corresponds roughly to zone 4 in Fitzherbert et al. (2003). PT conditions 
based on hornblende-paragonite eclogite from the Diahot terrane (Fitzherbert et al. 2003) and eclogite within 
the Pouebo terrane (Carson et al. 1999). 
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candidates for locating sulfide inclusions within garnet from this mineral zone). Table 3-2 is a 
summary of petrographic observations. Figures 3-7 to 3-12 show field photos and 
photomicrographs of the various rock types used in this study. Representative silicate mineral 
compositions are given in Appendix I. 
3.3.1 Metascdimentary units 
Lawsonite zone 
In the lawsonite zone, before the first appearance of spessartine-rich garnet, pelitic rocks of the 
Diahot terrane are homogenous and fine-grained in hand specimen. Sample J46 from outside of 
the high P belt (Figure 3-4) is shown for comparison in Figure 3-8a; relative lo lawsonite zone 
schists, J46 is homogeneous and very fine grained. Lawsonite zone schists consist mainly of 
quartz, albite, stilpnomclane, chlorite, phengite, glaucophane +/. lawsonite. Field observations 
suggest that glaucophane in the lower grade units (south of the Pam peninsula. near Hienghene in 
Figure 3-4) is axial planar to fo lds of the main schistosity, though it becomes incorporated into the 
'main' deformation fabric at slightly higher grades. This is reflected by textures in samples J26-
.130 collected along the Bonde Road (Figure 3-8). When glaucophane first appears, grains are 
randomly oriented, often radiating away from the dominant schistosity (sample J26), as was 
lawsonite (sample J28). With increasing P, glaucophane becomes incorporated parallel to the 
main deformation fabric (Figure 3-Se). This is in keeping with the observations of Brothers 
( 1970). Unlike Brothers ( 1970), carbonate minerals were only found as minor, accessory 
components of lawsonite zone schists. The Bonde Road samples do not contain garnet. 
Garnet, when present (sa mples J 16, J 15), is spessartine - richt, with the exception of that in pelitic 
sample J 15 that contains almandine garnet (Table 3-2). The almandine-bearing pelite still lies 
within the lawsonite zone and was collected adjacent to lawsonite-bcaring meta-basalt sample 
Jl Sa. 
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T bl 3 2 S a e - : h' b ummarv o oetroorao1 1c o servat1ons 
Sample# ep sulflde 
and lws ab qtt phg pg I gin om hbl sps aim ttn rt chi other and 
rock tvDe czo sulfate 
LAWSONITE ZONE 
J15a x x x x x Meta-basalt 
73002 
x x cpx act Meta-basalt x 
J15 
x x x x x -+sip matrix Meta-sed. PY 
+Sip 
J26 
x x x x x 
contains 
Meta-sad. randomly 
oriented gin 
coarser 
J28 
x x x x x 
grained than 
Meta-sed. x J26, aligned 
gin 
J29 x x x )( x Meta-sed. 
J30 
x x x x x x 
large gin 
Meta-sed. porphyroblasts 
GC-55 x x matrix Meta·sed. PY 
J16b matrix 
Meta-sed. x x x x x x x PY and 
cp 
J16c matrix 
Meta-sad. x x x x x PY and 
cp 
J36 x x x x Meta-sed. 
EPIOOTE ZONE 
73004a matrix 
Meta-basalt x x x x x x py, po, 
Glaucophanlte and cp 
96309a 
x x x x x 
matrix 
Meta-sed. ba 
23874 matrix 
Meta-sed. x x x x x -tilm py and 
cp 
23956 matri>1 
Meta·sed. x x x x x -+11m PY and 
cp 
23903 matrix 
Meta-sed. x x x +tlm PY and 
cp 
23897 matrix 
Meta.sed. x x )( x x py and 
co 
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Table 3-2 continued 
Sample#and sulfide 
rock type Is alb qtz ph para ep/cz Gin om hb sps aim ttn rut chi other and 
sulfate 
OMPHACITE ZONE 
96312k -very 
Meta-basalt 
x x x x x close to -sulfide In Falsie ecloglte x x epldote gt 
zone 
9918 
Meta-basalt x x x x x x 
Falsie EK:loglte 
9931a 
x x x x x x Meta-basalt 
9930b 
Metabasalt x x x x x x Boudin In 
schist 
9939 x x x x x x x Po In gt Meta-basalt 
9946 )( J( x x x Matrix po Meta-basalt 
9949 x x x x x x x x Meta-basalt 
73102 
Meta-basalt x x x 
Falsie ecloglte 
9908 
Glaucophanlle x x x x x +alteration Matrix cp 
9941b Matrix py, 
Glaucophanile x x x x x x x x --tlm cp, and 
po 
7281 1 
x x x x Matrix PY Glaucophanite and cp 
J17 Matrix po, 
Meta-basalt py, and 
x x x x cp 
Numerous 
po In aim 
J40 x x x x Meta.gabbro 
73101 Matrix po Falsie, meta· x x x x x 
basalt and cp 
9919a x x x x x Matrix po Meta-sed. 
99191 Matrix py, 
Meta-sed. x x x x x x po, and 
cp 
9924a Matrix po 
Meta-sad. x x x x x x x and py. 
Po in aim. 
9931c x x x x x x x x Po In aim. Meta-sed. 
9923 
Meta.sed. x x x x x x x 
Mylonlllzed 
9931 b x x x x x +calcite Meta-sad. 
NC2mlneralized 
-+graphite, Cp, py, schist x 
Salada mine mt and po 
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Table 3-2 c-0ntinued 
Sample# and sulfide 
rock type Is alb qtz ph para ep/cz gl om hb sps aim ttn rut chi other and 
sulfate 
HORNBLENDE ZONE 
J22 
Diahot Meta- x x x x x Matrixpy 
basalt 
J37 
Diahot Meta- x x x Matrlxpy 
basalt 
E803 x x x x Matrixcp Mela-basalt 
72908 
x x x x x x x Matnxpy Meta-basalt 
72915 Matrix py, 
Mele-basalt x x x x x x x x po, and 
cp 
731 12 
x 
x 
Mete-basalt x x brs x x x 
J38 x .+otlmln Numerous Meta·basalt x x x brs x x x gt py and bn in aim. 
80104 x x x x x Metabasalt x brs x x 
72909 Matrix py, 
Glaucophanite 
x 
po, cp, 
x x x x brs x x bn, CV, dg, and 
brt 
J37a 
Glaucophane x x x x x x -+Sip 
schist 
J43 
Glauchophane x x x x 
sch isl 
Glaucophane is rare in garnet-bearing samples from the lawsonite zone (in this study). When 
present, grains are aligned along foliation planes. 
Titanite is common in these rocks, comprising a significant portion of the groundmass in some 
samples. Matrix pyrite is abundant, and forms large euhedral grains overgrowing deformation 
fabrics as evidenced by inclusion trails of other matrix minerals. Most pyrite grains have 
experienced extensive weathering to goethite and/or limonite. Sulfide inclusions were not found 
in thin section, although grain mounts of garnet from samples that usually contained fresh matrix 
sulfide did yield rarely occurring sulfide inclusions within garnet. 
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Figure 3-7. A: Spessartine garnet zone pelite, Diahot terrane. B: Omphacite zone pelite with narrow lenses of 
metabasite, Diahot terrane. C: Pouebo terrane eclogite with epidote veining. D: lnterlayered pelite and 
basite, omphacite zone, Diahot terrane. E: Eclogite melange zone, Pouebo terrane. Pale green along top left 
is a talc serpentinite schist. F: Pyrite in Diahot spessartine-bearing blueschist. G: Garnet glaucophanite, 
Pouebo terrane (dominantly barroisite and garnet). 
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Figure 3-8. Lawsonite zone metasedimentary schist (except for A). Photomicrographs in transmitted light, 
except for D, which is polarized light. Increasing metamorphic grade from A-G. A: Sample J46, very fine-
grained schist, outside of high P belt. B: Sample J26, well layered quartz-mica schist with randomly oriented 
glaucophane needles. C and D: Sample J28 with lawsonite. E: Sample J29 with aligned glaucophane. F 
and H: Sample J30 with large glaucophane porphyroblasts, rotated relative to main deformation fabric shown 
by arrow. G: Sample J16, spessartine garnet zone pelite. 
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Figure 3-9. A-D, E, G photomicrographs in transmitted light, F, H polarized light. A, B: Sample 23897, 
epidote zone. Small almandine enclosed within albite. C: Sample 96312k, transitional epidote-omphacite 
zone. Dominantly almandine, glaucophane and clinozoisite. D, E, F: Sample 9924a, omphacite zone. G, H: 
Sample J43, hornblende zone. Dominantly large almandine garnet and glaucophane. 
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Figure 3-10. Metabasalt photomicrographs. A-C, E, F transmitted light, 0 polarized light. A: Sample J50, 
outside of high P belt, low grade altered basalt. B, D: Sample J15a, lawsonite zone basalt with abundant 
lawsonite. C: Sample 73004a, epidote zone. Dominantly clinozoisite and glaucophane. E: Sample 9930b, 
omphacite zone. F: Sample J17, omphacite zone. Dominantly almandine, clinozoisite, and omphacite. 
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Figure 3-11 . Horblende zone metabasalt. A, C, D, transmitted light, B, polarized light, E, elemental map. A, 
B: Sample 80104. Large almandine with thin alteration rim in barroisitic hornblende dominated matrix. C, D: 
Sample 73112. Almandine, clinozoisite, and barroisitic hornblende rock. E: Sample J38. Mn elemental map 
of almandine garnet showing Mn-rich core and secondary Mn-rim. This garnet is also in a matrix dominated 
by barroisitic hornblende. 
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Figure 3-12. Balade alteration zone. A: Chloritoid porphyroblasts in fine-grained felsic alteration zone. 
B: Overall appearance of Balade alteration zone. 
Epidote zone 
Grain s ize is noticeably coarser in epidote zone schists (Figure 3-9a,b). Pelite mineralogy is 
s imilar to the lawsonite zone with the exception of epidote, which is present instead of lawsonite 
(epidote pseudomorphs of lawsonite were not found). Albite is more abundant within this mineral 
zone. Glaucophane schlstosity is established when present. Almandine is common to most 
samples, though grains are still small relative to garnet in samples in the omphacite and 
hornblende zones. Sample 23903 (Table 3-2) is a quartzite, - 90% quartz with minor epidote, 
phengite and numerous sulfide veins. 
Ilmenite is present in samples 23903, 23956, and 23874. Matrix sulfide is common, dominated by 
pyrite, with chalcopyrite to a lesser extent. Su lfide inclusions in garnet were not found with the 
exception of sample 96312k, located in the tectonized transitional epidote-omphacite zone. 
Sulfide inclusions were found within albite and quartz. 
Omphacite zone 
Omphacite-garnet pelites arc coarse-grained, well-layered metasedimentary rocks - this also 
marks the first appearance of pyroxene in sedimentary rock types. On the south side of the Pam 
Peninsula, the high P mineralogy has been well-preserved, escaping extensive greenschist facies 
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overprinting (99-series samples, Figure 3-9d, e, and f). The strong deformation fabric is defined 
by clinozoisite, and albite +/. omphacite, emphasized by parallel compositional layering between 
mafic and felsic quartz-phengite bands. Accessory titanite, rutile, and matrix pyrrhotite are 
common in several samples, while pyrite is rare. Compositional banding may in part reflect 
original sedimentary bedding - however it now defines and preserves the high pressure, fabric 
forming event. Garnets arc inclusion rich, and contain omphacite, quartz, titanite, rutile, rare 
lawsonite, and pyrrhotite. 
Hornblende =one 
Within this zone, most outcroppings are dominated by mafic eclogite, with occurrences of 
interbedded serpentinitcs and rnetasedimentary schists. Hornblende zone schists are highly 
deformed and almost always show evidence of chlorite retrogression. The groundmass of the 
schists is dominated by abundant glaucophane, clinozoisite, and sometimes phengite, and sample 
J37a contains barroisitic hornblende. Titanite is no longer a predominant accessory mineral, and 
rutile is abundant. 
Balade mine sample 
Sample NC2 is predominantly chalcopyrite (described further in Chapter 4) and was taken from 
the Balade Deposit located within the Diahot terrane metasedimentary schists in the omphacite 
mineral zone. This deposit is located along a chloritoid-bearing alteration zone shown on Figure 
3-12, but is sometimes referred to regionally as the Balade Shear Zone, one of numerous 
greenschist faices shear zones that faci litated retrogressive fluid influx and hydration of eclogite 
(Carson et al. 2000). 
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Sample JSO is altered basalt from outside of the high P belt (Figure 3- IOa). JSU contains igneous 
clinopyroxene in a highly altered fine-grained groundmass. Basaltic units were less common 
within these metamorphic zones than within the omphacite and hornblende zones. One 
phenomenal sample of lawsonite-bearing meta-basalt is shown in Figure 3-1 Ob, with abundant 
euhedral lawsonite with glaucophane, phengite, and chlorite. Other samples (73002) experienced 
extensive greenschist facies overprinting, and contain abundant chlorite and matrix pyrite. Beyond 
lawsonite stability, large clinozoisite grains dominate common meta-basalt mineralogy with 
glaucophane, and average gra in size is significanlly coarser than within the lawsonite zone. 
Omphacite zone 
Pelites along the south side of the Pam Peninsula are interlayered with meta-basalt, which occurs 
as lenses or boudins within schistose rocks. Many are omphacite-bearing, which was not found in 
the lawsonite and epidote zone basaltic samples used in this study. However omphacite does 
occur in meta-basalt in these mineral zones, e.g. Fitzherbert et al. (2003). Assemblages are mainly 
almandine, phengite, clinozoisite, glaucophane, quartz, +/- albite +/-omphacite -i /-hornblende +/-
chlorite. Retrogression in severa l samples from the south side of the Pam Peninsula is less intense 
when compared to garnet glaucophanites and mafic eclogite in the Pouebo terrane. Few sulfide 
grains exist in the matrix, but include pyrrhotite. Sulfide inclusions are more common (though 
still infrequent). and are found in garnet, paragonitc, and clinozoisite. 
Hornblende zone 
In the Pouebo terrane, the groundmass of mafic rocks (in this study) is usually dominantly 
barroisitic hornblende, with almandine garnet, clinozoisite, paragonite +/- phengite +/-
glaucophane. Glaucophane is abundant in certain samples. These rocks contain less omphaeite 
than well-layered pelites and metabasite lenses of the Diahot terrane described above. 
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Glaucophane is not very common in barroisitic hornblende-rich rocks (Figure 3- 11 ) although 
glaucophane inclusions are common within garnet. Matrix sulfide minerals include pyrite, 
pyrrhotite, chalcopyrite and marcasite. Inclusions of pyrite and bornite occur within garnet, and 
are normally quite sma II, - I 0 ~tm on average. 
Garnet "glaucophanite" is one of the dominant rock types of the Pouebo terranc, suggested by 
Carson et al (2000) to be the hydrated equivalent to Type I eclogite of Clarke et al. ( 1997) where 
the dominant matrix mineral is commonly arnphibole of barroisitic hornblende (not glaucophane) 
composition (Appendix I, sample J38) with varying abundance of garnet and zoisite. Omphacite 
is very rare. Inclusions within garnet are numerous and include, in order of decreasing relative 
abundance, quartz, titanite, rutile, ilmenite (within rutile only), glaucophanc, omphacite, 
paragonite, phengite, zircon, calcite, pyrite, bornite, and digenite. Spessartine-rich rims such as 
those found in sample J38, likely formed during retrogression, along with chlorite that is replacing 
garnet. ln barroisitic hornblende dominated samples (J38, 73112, 80104) matrix sullide is absent, 
although samples J38 and 73 1 12 have preserved sulfide mineral inclusions within garnet. 
3.3.3 General overview 
Some minerals are stable across all metamorphic grades, such as phengite, chlorite. and albite, 
though individual mineral compositions vary with metamorphic grade. Paragonite, though present 
in all grades of pclitic rocks, is more abundant at higher metamorphic grades. 
Garnet compos itions within the highest-grade rocks are generally zoned. Cores are spessartine-
rich with enrichment in the almandine components toward the rims (excluding secondary Mn-
rims, Pigure 3- 11 ). Gamet compositions of"normal" core to rim zoning profiles are shown for all 
mineral zones on figures 3-13 and 3-14, and in Table 3-3. Garnet compositions become more Pe-
rich with increasing grade of metamorphism - the exception being rnetasedimentary sample 
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Figure 3-13: Metasedimentary garnet compositions (atomic proportions), where Mn=Mn/(Mn+Ca+Fe+Mg) 
showing zoning. A: Lawsonite zone garnet. Zoning trend is based on sample J16b. J15 (grey circles) are 
unusually Fe-rich for the lawsonite zone. B: Epidote zone garnet. Zoning trend is only for sample 23874 
(black circles). C: Omphacite and hornblende zone garnet with general overall zoning trend. Data plotted 
from Table 3-3. 
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Figure 3-14: Garnet composition (atomic proportions) in omphacite and hornblende zone metabasalt, 
overlain on metasedimentary garnet fields from Figure 3-13. Data plotted from Table 3-3. 
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Table 3-3: Garnet compositions plotted in Figures 3-13 and 3-14. S:sedimentary rock type, B-basaltic rock 
type. Almandlne is calculated as Fe : Fe/(Fe+Mg+Mn+Ca). Raw data in Appendix 1. 
Zone Rock Sample Alm Pyr Sps Grs Zone Rock Sample Alm Pyr Sps Grs 
type tvPe 
Ls s J16c 0.37 0.01 0.43 0.18 Om s 99191 0.57 0.05 0.04 0.34 
Ls s J16c 0.32 0.01 0.50 0.17 Om Ss 99191 0.57 0.04 0.09 0.30 
Ls s J16c 0.31 0.01 0.52 0.16 Om s 9919t 0.62 0.05 0.04 0.28 
ls s J16c 0.35 0.01 0.45 0.18 Om s 9924a 0.63 0.03 0.01 0.32 
ls s J16c 0.29 0.01 0.61 0.09 Om s 9924a 0.64 0.03 0.02 0.31 
Ls s J16c 0.36 0.02 0.44 0.18 Om s 9924a 0.59 0.06 0.01 0.34 
Ls s J16c 0.46 0.13 0.25 0.16 Om s 9924a 0.65 0.05 0.01 0.30 
Ls s J16c 0.42 0.10 0.33 0.15 Om s 9924a 0.63 0.05 0.01 0.32 
Ls s J16c 0.56 0.23 0.04 0.17 Om s 9924a 0.65 0.05 0.00 0.30 
Ls s J16c 0.37 0.01 0.43 0.19 Om s 9924a 0.63 0.05 0.00 0.32 
Ls s J16c 0.32 0.01 0.50 0.16 Om s 9924a 0.62 0.05 0.01 0.32 
Ls s J16c 0.33 0.01 0.48 0.17 Om s 9924a 0.57 0.06 0.02 0.35 
Ls s J16b 0.32 0.02 0.53 0.14 Om s 9924a 0.56 0.02 0.10 0.32 
Ls s J16b 0.48 0.01 0.29 0.21 Om s 9924a 0.64 0.04 0.01 0.30 
Ls s J16b 0.32 0.01 0.51 0.16 Om s 9924a 0.65 0.04 0.00 0.31 
Ls s J16b 0.47 0.02 0.30 0.21 Om s 9924a 0.57 0.06 0.02 0.35 
Ls s J16b 0.33 0.01 0.50 0.17 Om s 9924a 0.64 0.06 0.00 0.30 
Ls s J16b 0.48 0.02 0.31 0.19 Om s 9924a 0.49 0.02 0.17 0.32 
Ls s J16b 0.31 0.01 0.53 0.15 Om s 9924a 0.64 0.03 0.02 0.31 
Ls s J16b 0.52 0.02 0.21 0.25 Om B 9930b 0.53 0.05 0.11 0.31 
Ls s J16b 0.39 0.01 0.43 0.16 Om B 9930b 0.55 0.08 0.02 0.34 
Ls s J16b 0.47 0.02 0.29 0.22 Om B 9941b 0.56 0.08 0.06 0.30 
Ls s J16b 0.44 0.02 0.36 0.19 Om B 9941b 0.58 0.11 0.02 0.29 
Ls s J16b 0.36 0.02 0.45 0.18 Om B J17 0.62 0.04 0.03 0.30 
Ls s J16b 0.49 0.02 0.29 0.21 Om B J17 0.60 0.06 0.04 0.30 
Ls s J16b 0.35 0.01 0.46 0.18 Om B J17 0.50 0.03 0.16 0.31 
Ls s J16b 0.36 0.02 0.43 0.19 Om B J17 0.63 0.06 0.02 0.28 
Ls s J16b 0.46 0.02 0.31 0.22 Om B J17 0.58 0.05 0.10 0.27 
Ls s J16b 0.34 0.01 0.46 0.18 Om B J17 0.58 0.13 0.00 0.29 
Ls s J16b 0.32 0.01 0.50 0.17 Om B J17 0.59 0.05 0.08 0.28 
Ls s J16b 0.39 0.02 0.41 0.19 Om B J17 0.62 0.05 0.02 0.31 
Ls s J16b 0.44 0.02 0.35 0.19 Om B J17 0.55 0.04 0.07 0.34 
Ls s J16b 0.49 0.02 0.27 0.23 Om B J17 0.59 0.08 0.01 0.32 
Ls s J16b 0.45 0.01 0.34 0.20 Om B J17 0.49 0.05 0.20 0.27 
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Table 3-3 continued. 
Zone Rock Sample Alm Pyr Sps Grs Zone Rock Sample Alm Pyr Sps Grs type type 
Ls s J16b 0.35 0.01 0.45 0.19 Om B J17 0.61 0.06 0.04 0.29 
Ls s J16b 0.54 0.02 0.23 0.21 Om B J40 0.55 0.06 0.13 0.26 
Ls s J16b 0.43 0.02 0.35 0.21 Om 8 J40 0.54 0.06 0.13 0.27 
Ls s J16b 0.55 0.02 0.21 0.22 Hbl 8 J38 0.58 0.10 0.07 0.25 
Ls s J15 0.64 0.10 0.03 0.24 Hbl B J38 0,59 0.13 0.03 0.25 
Ls s J15 0.63 0.07 0.06 0.24 Hbl B J38 0.59 0.13 0.04 0.24 
Ls s J15 0.62 0.07 0.06 0.25 Hbl 8 J38 0.26 0.00 0.01 0.73 
Ls s J15 0.61 0.06 0.09 0.24 Hbl 8 J38 0.54 0.11 0.10 0.24 
Ls s J15 0.63 0.10 0.02 0.25 Hbl 8 J38 0.59 0.17 0.02 0.21 
Ls s J15 0.63 0.10 0.03 0.25 Hbl 8 J38 0.55 0.12 0.08 0.25 
Ls s J15 0.63 0.10 0.02 0.25 Hbl 8 J38 0.18 0.58 0.00 0.24 
Ls s J15 0.63 0.10 0.02 0.25 Hbl B J38 0.73 0.10 0.00 0.17 
Ls s J15 0.63 0.09 0.03 0.25 Hbl B J38 0.74 0.11 0.00 0.15 
Ls s J15 0.62 O.D7 0.07 0.24 Hbl B J38 0.79 0.10 0.00 0.11 
Ls s J15 0.64 0.09 0.02 0.25 Hbl B J38 0.76 0.10 0.00 0.14 
Ls s J15 0.62 0.08 0.04 0.26 Hbl B J38 0.67 0.13 0.01 0.19 
Ls s 23874 0.68 0.05 0.11 0.16 Hbl B J38 0.72 0.12 0.00 0.16 
Ls s 23874 0.59 0.05 0.13 0.23 Hbl B J38 0.58 0.10 0.11 0.22 
Ls s 23874 0.67 0.05 0.10 0.17 Hbl B J38 0.60 0.16 0.02 0.22 
Ls s 23874 0.68 0.05 0.09 0.17 Hbl B 72915 0.56 0.10 0.08 0.27 
Ls s 23874 0.62 0.04 0.12 0.21 Hbl B 72915 0.56 0.16 0.02 0.26 
Ls s 23897 0.51 0.02 0.14 0.34 Hbl 8 72915 0.58 0.16 0.01 0.24 
Ls s 23909 0.60 0.01 0.19 0.19 Hbl 8 72915 0.59 0.13 0.02 0.26 
Ls s 23909 0.74 0.02 0.07 0.17 Hbl 8 72915 0.58 0.17 0.01 0.24 
Hbl B 72915 0.59 0.12 0.02 0.27 
Hbl B 72915 0.59 0.10 0.04 0.28 
Hbl s J43a 0.62 0.12 0.00 0.26 
Hbl s J43a 0.61 0.11 0.02 0.26 
Hbl s J37a 0.60 0.11 0.02 0.27 
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J 15, which has unusually Fe-rich garnet for the lawsonite zone (Figure 3-13). Hornblende zone 
garnets within Pouebo terrane eclogite (Figure 3-1 4) are the most Fe-rich, although compositions 
overlap with omphacite zone sedimentary and basaltic garnet compositions. 
Epidote group minerals decrease in Fe3+ content to almost pure zoisite compositions with 
increasing degree of metamorphism. Generally, it seems that Fe content of silicates is decreasing, 
favouring more aluminous compositions - with the exception of garnet. Titanite is stable up to all 
but the highest grades of metamorphism, where rutile becomes the dominant Ti-bearing phase 
(Black, 1977; Itaya et al. 1985). 
Magnetite is not present in New Caledonian eclogite (this study, and ltaya et al. 1985), and in fact, 
it is not stable in eclogite (Green and Ringwood 1967). This has important repercussions for 
evaluating redox conditions in eclogite and is elaborated in Chapter 6. 
Albitc is present across metamorphic grade in both metasedimentary and metabasalt units, though 
it is more common in metasediments. Fitzherbert et al. (2003) suggest that although albite in 
metasedimentary rocks might have begun to crystallize near peak metamorphic conditions, albite 
crystallization with chlorite +/- clinozoisite continued (even increased) with cooling and 
decompression to 0.8 GPa. Therefore, sulfide inclusions in albitc (and chlorite) are assumed to 
have been entrapped subsequent to peak metamorphism. Though it is probable that clinozoisite 
grains were formed during prograde metamorphism, some clinozoisite formed during 
decompression. Hence, sulfide inclusions in this mineral cannot be assured to indicate prograde 
metamorphic conditions in the subducting slab. 
In summary, this section is in agreement with most previous work. Subsequent assessment of 
sulfide mineralogy (Chapter 4) relies on these previous studies, and the thermobarometric 
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estimates summarized in Figure 3-5. The novel part of this study begins rrom this point, focussing 
on sulfide inclusions in porphyroblasts and how they compare to matrix sulfides. 
3.4 Overview of sulfide mineralogy 
Sulfide minerals occur in the matrix of many samples (Table 3-4). However, such matrix sulfide 
minerals are often e..xtensively weathered to limonite or goethitc. 
a e - eoresentatlve su 1 e m1nera 001 o serve T bl 3 4 R lfd b d . h' 1n t in sect on 
Mineral Sample Sulfide assemblage in thin section Comments 
zone/rock type 
Lawsonite I J15a none found Owing to abundance and preservation of 
metabasalt pristine lawsonite, grain mounts were made. 
Sulfide inclusions found within lawsonite grain 
mounts. 
Pyrite that is most likely •matrix" sulfide, was 
found during the mineral separation process 
(Appendix 2). 
Lawsonite I J16 Well-preserved matrix pyrite +I- Gamet grain mounts with sulfide inclusions 
schist chalcopyrite. 
Epidote I 73004a Matrix pyrite, chalcopyrite, and No inclusions found within garnet 
metabasalt pyrrhotite 
Epidote I schist 23897 Matrix pyrite and chalcopyrite. No inclusions found in garnet grain mounts. 
Pyrrhotite and chalcopyrite found as 
inclusions within albite. 
Omphacite I J17 Matrix pyrrhotlte, rarely with 
metabasalt chalcopyrite 
Numerous pyrrhotite inclusions in 
garnet 
Omphacite I 9924a Abundant pyrrhotite in the matrix and 
schist within garnet. 
Hornblende I J38 No matrix sulfide. Pyrite and bomite 
metabasalt commonly found in garnet. 
Hornblende I J37a Matrix pyrite Very rare sulfide inclusions found in garnet 
schist cirain mount 
With respect to the metasedimentary schists along the Bonde Road (samples J26-J30) weathering 
was intense, often resulting in Fe-OH pseudomorphs after pyrite, or even cubic voids in thin 
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sections that probably used to hold pyrite. Several well-preserved and sulfide-rich samples (e.g. 
J 16 and J 17) were collected along the northern coastline, northwest from H ienghene. 
ln addition to weathering, the other complication with respect to studying progradc sulfide 
mineralogy is the rapid re-equilibration of sulfide minerals with retrogression (Barton J 970). For 
this reason, sulfide inclusions particularly within lawsonite or garnet were sought, as timing of 
sulfide mineral entrapment can be linked with established PT conditions on the basis of silicate 
mineralogy. The method for analyzing sulfide mineral inclusions is elaborated in Appendix 2. 
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The occurrence, petrographic relationships, and compositions of sulfide 
minerals 
in New Caledonian high pressure rocks . 
4.1 Introduction 
A fundamental point of this study is that sulfide inclusions within porphyroblasts retain the 
bulk chemical composition formed at the time of metamorphic equilibration, which in the case 
of prograde silicate mineral growth is the result of subduction zone metamorphism. In the 
absence of cracks or fractures in host silicates, sulfide compositions remain isolated from, and 
unmodified by, subsequent retrograde fluid-mineral processes which characterize much of 
blueschist-eclogite excavation metamorphism. There are rare examples where fractures 
connect sulfide inclusions with the matrix. Such inclusions are referred to as ' pseudo-
inclusions' after the nomenclature of Kawakami et al. (2006), but this term is also extended to 
those inclusions that are enveloped in retrograde minerals such as albite (Chapter 3). 
No prograde sulfide inclusions were found in samples of the epidote metamorphic zone 
although numerous porphyroblasts were studied from samples collected by myself, Phillippa 
Black, and Carl Spandler. 1 believe this exception does not simply reflect insufficient 
sampling, although that remains a possibility; perhaps future workers will find prograde sulfide 
minerals preserved in the epidote zone. One sulfide-bearing sample is located along the 
boundary between the upper epidote and lower omphacite zones (sample 96312k, Table 4-1 ). 
Pully armoured sulfide inclusions undergo isochemical mineral re-equilibration with cooling 
(described in detai l in Appendix 2), because sulfide mineral equilibration is several orders of 
magnitude more efficient than silicate mineral equilibration (Barton 1970, Chapter 2.1.3). In 
this way, low T sulfide phases such as djurleite, chalcocite, and cubanite present within a 
porpbyroblast must have exsolved from a higher T monosulfide. It is important to realize that 
several phases, such as chalcopyrite, also have isochemical but crystallographically different 
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polymorphs (Table 2- I). 
The primary goal of this chapter is to identify the actual sulfide phases present and if possible, 
to determine whether sulfide phases are primary or low-T re-equilibrated. Secondly, bulk area 
scan analyses of polymineralic inclusions that are low-T/low-P unmixing or cxsolution 
products from higher-T/high-P monosulfide have been done in order to help determine original 
sulfide phase assemblages. The area scan technique and data collection methodology are 
detailed in Appendix 2, which concerns the analysis of sulfide minerals in this thesis. 
With respect to sulfide occurrence and composition, possibilities are as follows: 
i. Polymineralic sulfide inclusions are unmixed, formerly homogeneous sulfide. 
11. Polymineralic sulfide inclusions were originally polymineralic, and do not 
represent unmixing. 
111. Matrix sulfide is the same phase as inclusion sulfide, which may or may not 
have the same composition. 
iv. Matrix sulfide is a different phase than inclusion sulfide. 
v. Fe-bearing sulfide has reacted to produce a silicate phase (i.e., almandine 
garnet) during either prograde or retrograde metamorphism. 
vi. Similar to v, except a Cu-Fe sulfide was reacted to produce an Fe-bearing 
silicate. Fe is depleted in the matrix, and Cu is correspondingly concentrated 
in the remaining sulfide. 
vii. It is possible that the matrix sulfide is unrelated to peak (or indeed prograde) 
metamorphic equilibrium, and entirely re-equilibrated with retrogression. In 
this instance, a retrograde C-0-11-S fluid (e.g. ltaya et al. 1985) may have re-
introduced sulfur into the system, the new sulfide minerals having sourced Fe 
from existing metamorphic minerals to produce iron sulfides. This sulfur 
would also incorporate Cu that might have already been present in the matrix 
at the time oftluid influx. 
viii. The retrograde fluid not only introduced S, but additional Fe into the system to 
make sulfide independently of silicate minerals (this has not been tested here). 
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ix. Retrograde fluids leached sulfur from the system, resulting in tbe absence of 
matrix sulfide minerals. 
x. Differing bulk rock composit ions will be reflected in differing su lfide 
mineralogies. For example, in general, pyrite is common to metamorphosed 
basalt whereas pyrrhotite is common to meta-sedimentary rocks (Frost 1991 ). 
xi. Varying degrees of metamorphism will affect sulfide composition. For 
instance, chalcopyrite (tetragonal CuFeS2) is not stable beyond 550°C (Barton 
1973). 
4.2 Results 
All sulfide data are plotted on ternary diagrams as atomic proportions and show point data of 
unmixed phases, recalculated bulk area scan compositions as described in Appendix 2, pseudo-
inclusion data, and matrix data. A summary of the results is given in Table 4-1 with 
information on the metamorphic zone (PT conditions based on silicate mineral assemblages), 
rock type, inclusion sulfide and silicate host, sulfide pseudo-inclusion and sil icate host, and 
matrix sulfide. Data for samples used to make ternary diagrams in this chapter can be found in 
Appendix 3 as Tables A3-l (lawsonite zone), A3-2 (epidote zone), A3-3 (omphacite zone), 
and AJ-4 (hornblende zone). Raw data for all bulk area scans are included as Appendix 4. 
One of the problems not yet addressed, is the inaccurate estimation of the presence, 
proportions, and contact relationships of phases due to viewing only a plane section through a 
three-dimensional inclusion. Phases that seem isolated from one another in one cross-section 
may actually be touching in the third dimension. This problem is addressed mainly through 
analyzing numerous inclusions in order to obtain a good statistical sample. Rcpolishing 
inclusions to reveal progressively deeper surfaces was problematic owing to small grain sizes. 
This is further addressed in Appendix 2 (section A2.4, and Figures A2.6 and A2.7). 
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T bl 4 1 S a e - f T lfid ummarv o s1 1cate - su 1e mmera oqy 
Sample#, Rock type·protolith & Host silicate Host silicate Matrix sulfide 
silicate assemblage (Inclusion sulfide) (pseudo· Inclusion) [observed co-
[observed co- existence] 
existence] 
Lawsonite zone 
J15a Mafic-basalt lws (iss, py, cp, cv, lws (po) PY 
lws-phg·gln-chl dg) Fe-contaminated 
[cp+py+cv] Visible weathering rim 
J15 Schist-sedimentary aim (py, iss) aim (po) PY 
alm-qtz-pl-mica-pg [py+cv] Fe-contaminated, within 
fracture 
J16b Schist-sedimentary sps (py-iss, bn) sps (py-along edge, and py, cp 
sps-pg-phg-chl-ttn-qtz [py+cp] within fractures) galena (PbS) in 
large PY 
(py+cp] 
J16c Schist-sedimentary sps (py-cp) sps (py-along edge, and py, cp 
sps-pg-phg-chl-ttn-qtz within fractures) galena exsolutlon In py 
[py+cp] 
J36 Schist alb (po) PY 
gln-ab-qtz-phg 
Epidote zone 
23874 Mica schist alb (po, cp) (py+cp] 
Na-amph-alm-ilm-phg 
23956 Mineralized schist- (py+cp) 
sedimentary 
phg-chl-ilm-py-cp·alm 
23903 Quartzite qtz (py, cp) [py+cp] [py+cp] 
qtz-phg-alm-ilm 
23897 Mica schist alb (po, cp) [py+cp] 
Na-amph-alm-ep-ab-qtz [po+cp] 
qtz (py,cp) (py+cp] 
73004a Glaucophanite-mafic [po+py+cp] 
gl-czo-chl-alm 
Omphaclte zone 
96312k Felslc ecloglte aim (dg, py, cv, po) 
Meta-basalt [cv, PY) 
alm-czo-gln-rt-phg-ttn-pg (py, dg) 
9918 Meta-basalt aim (po) 
alm-czo-phg-ab-qtz 
Quite felsic edogite 
9931a Meta-basalt aim (po) aim (Fe3S4 - py) 
alm-om-phg+qtz,pl,rt 
9930b Meta-basalt aim (po, iss) 
Boudin In Schist 
alm-om-phg-chl-gln-rt 
9939 Meta basalt aim (po, iss) 
9946 Meta-basalt aim (iss. po) pg (po) po 
phg-czo-om-alm-pl [iss+po] 
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Table 4-1 : continued (omphacite zone) 
Sample #, Rock type-protolith & Host silicate Host silicate Matrix sulfide 
silicate assemblage (inclusion sulfide) (pseudo· inclusion) [observed co-
[observed co- existence) 
existence] 
9949 Meta-basalt aim (po) aim and czo (po) 
alm-czo-phg-pg+ttn, rt, 
om, chi 
73102 Felsic Edogite aim (po) 
(type 2 of Clarke et al. 
1997) 
alm-czo-phg 
9908 Glaucophanite-basalt cp 
phg-chl-gln-czo-
qtz+alteration 
9941b Glaucophanlte (meta aim (po, iss) czo (po) [cp+po+py] 
basalt) [po+lss] 
gln-czo-phg-chl+rt, ttn, iss is Cu-poor 
ilm, aim, om 
72811 Glaucophanlte [py+cp] 
Meta-basalt 
czo-gln-chl-phg 
J17 Eclogite-basalt aim (iss, cp, po) aim (PY) [cp+po] 
alm-czo-om [po+cp/iss) within chlorite vein [cp+py] 
po contains -2.5 at% pyrite is rare 
Ni 
J40 Glaucophanite-gabbro aim (po, iss) 
alm-gln-c:zo po contains -3 at% Ni 
9919a Metasedimentary schist aim (po) po 
alm-om-qtz-phg-ab 
Well-preserved 
9919t Metasedimentary schist aim (po) aim (po, PY) (po+cp+py) 
alm-om-qtz-czo-phg-ab in vein dominantly po 
9924a Metasedlmentary schist aim (po) aim (po, py) [po+cp+py) 
alm-om-ab-czo-phg-pg pyrite composition the dominantly po 
result of pyrrhotite 
alteration 
9931c Metasedlmentary schist aim (po) 
an-czo-phg-alm-gln-
qtz+om+ttn 
9923 Sedimentary schist, aim (po) 
sheared po with most Cu in 
alm-qtz-phg-pg-ab-czo metasedlmentary unit, 
with 2.0 at% Cu 
9931b Metasedimentary schist [po+py] 
pl-phg-gln-qtz-ttn-
calcite 
NC2 Mineralized schist [cp+py+po] 
From balade mine [graphite+mt] 
cp-py-po-graphite-qtz-
mt 
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Table 4·1 continued. 
Sample#, Rock type·protolith & Host silicate Host silicate Matrix sulfide 
slllcate assemblage (inclusion sulfide) (pseudo· inclusion) [observed co-
[observed co· existence] 
existence I 
73101 Schist -Eclogite aim (po, py) [po+cp] 
(possibly High Co, Ni, and Cu cp has up to 7 at% Ni 
metasedimentary) contents. 
alm-czo-ab-ohci+om 
Hornblende zone 
J22 Eclogite-basalt aim (py, cp) PY 
Diahot terrane 
Gt-czo +gln,rt,qtz 
E803 Eclogite-basalt aim (py) cp 
Type 1 eclogite 
J37 Meta-basalt aim (py) PY 
alm·hbl-phg 
72908 Maflc Eclogite [py+po] 
alm-czo.gln-am ph-phg-
rt-chi 
72915 Mafic Eclogite [py+cp+po+ 
alm·czo-amph, phg, pg, tetradymite] 
qtz, rt, om 
73112 Hbl-bearing mafic aim (po, iss, cp) 
Eclogite -area scan trend 
alm-brs-czo-pg-qtz+rt, toward py 
chi -po is exsolution 
product 
-Inclusions contain -5 
at%Ni 
J38 Ecloglte-basalt aim (py, bn, cp, dg) 
alm-brs-rt-pg+chl-qtz [py+bnJ 
72909 Glaucophanite-Eclogite (py+po+cp] 
alm-brs-czo-phg-pg-chl (bn, CV, dg) 
J37a Meta-sedimentary aim (py, lss, cb) PY 
schist 
alm-gln-stp, chi, rt, czo, 
act 
J43 Metasedimentary aim (nk) cp 
schist 
Diahot terrane 
alm-phg-gln-rt 
Outside of high P belt 
J46 Slate/phyllite PY 
J50 Greenschist facies [py+cp] 
basalt 
augite-pl+alteration 
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The interpretation of matrix sulfide compositions in particular is complicated by the effect of 
weathering. Figure 4-1 illustrates the commonly observed weathering textures that have 
developed across metamorphic zone. Large Pe-0-0H weathering rims occur almost 
exclusively around matrix sulfide, although some exceptions have been documented a.round 
inclusions and will be described for the lawsonite and omphacite zones (4.2.1 and 4.2.3). Jn 
some cases, weathering rims contain inclusions of silicate and oxide minerals. The 
development of even very narrow alteration rims around a sulfide inclusion can result in 
contamination of a su lfide analysis. For the most part, Pe-contamination from weathering is 
rare, and the majority of sulfide inclusions do not have in-situ weathering rims (Figure 4-1 t). 
Weathering of sulfide minerals occurred in samples across metamorphic grade, but was 
particularly intense within samples collected along the Bonde road (samples J26-J30, Figure 3-
4). The development of weathering rims is probably modern, reflecting the tropical New 
Caledonian climate. Therefore, samples with highly weathered sulfide minerals arc not good 
targets for assessing metamorphic sulfide mineralogy, and were avoided. 
Sulfide assemblages in sedimentary and basalt from outside of the high P belt, structurally 
below the lawsonite isograd, are typified in samples J46 and .150 (Table 4-1 ). Sedimentary 
hosted sulfide minerals are generally exclusively pyrite, while basalt samples are pyrite.. and 
chalcopyrite-bearing. 
The fol lowing sections will discuss the composition and textural associations of matrix and 
inclusion sulfide within specified silicate-defined mineral zones, in order of increasing P. 
Sample locations are plotted on Figure 4-2, a map of NE New Caledonia and on Figure 4-3, in 
PT space. PT estimates from silicate assemblages are based on previous studies of Clarke et 
al. (1997), Carson et al. ( 1999), Marmo et al. (2002). and Fitzherbert et al. (2003). Low-P 
experimental topologies are included for reference and for interpretation by contrasting the 
low-P phase assemblages with documented high P sulfide relationships. 
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Figure 4-1. A-D: Matrix sulfide with large 
Fe-0-0H rims. 
A: Sample J15. Plain light image of cubic 
sulfide (pyrite) in lawsonite zone meta-
sedimentary rock. 
8: Sample J15. Reflected light image of 
A. Only 2 patches of pyrite remain 
unweathered. 
C Sample J15. D Sample 23874. 
C and D: Reflected light images showing 
detail of weathering Fe-0-0H rims. 
E: Sample 72909. BSE Image of pyrite in hornblende zone eclogite. Rim Is made up covellite, 
interpreted to be retrograde, as covellite is not stable at peak hornblende zone PT conditions. 
F: Sample J38. BSE image showing pyrite inclusions in rutile In garnet (hornblende zone). Alteration 
rims are usually absent in such inclusions. 
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Figure 4-2: Simplified geological map of northern New Caledonia with isograds and sample bcations. Compiled from Black (1977), Maurizot et al. (1989), Rawling and 
Lister (1999), and Fitzherbert et al. (2003). 
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amph-pl·qtz 
5 0 6 0 7 0 
T°C 
Corresponding samples located in described mineral 
zones: 
A: J46, J50 
B: J15, J15a, J16b, J16c,J36 
C: 23874, 23956, 23903, 23897, 730041 
D: 96312k, 9946 
E: 9918, 9919, 9924, 9923, 9930, 9931 , 9939, 9949 
F: 9941 , 728811 , 9908, NC2, 73102, 73101 
G: J1 7, J40 
H: J22,E803,J37, 72908, 72915, 73112, J38, 72909, J37a, 
J43 
Figure 4-3: New Caledonian P-Tpath as estimated from the studies of Clarke et al. (1997), Carson et al. 
(1999 and 2000), Fitzherbert et al. (2003). Mineral assemblages and isograds from Schmidt and Poli (1998) 
with additional information from Liou (1971) (1). Letters A through H indicate P-T locations based on silicate 
assemblage of samples used in this chapter. 
4.2.1 Lawsonite zone sulfide 
The lawsonite zone is characterized by the appearance of lawsonite in metamorphosed 
sedimentary and basalt units. PT conditions for the lawsonite zone of 0.7-1.0 GPa and 350-
400°C are based on the meta-basalt silicate mineral assemblages (Fitzherbert et al. 2003). 
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Lawso11ite zone meta-basalt 
Meta-basalt sample Jl 5a from the lawsonite zone contains abundant euhedral, crack-free, 
lawsonite grains (Figure 4-4). Although sulfide minerals were not observed in thin section, it 
was inferred from the good condition and size of crystals that lawsonite could potentially host 
primary sulfide inclusions. 
Figure 4-4: Grain mounts of lawsonite and pyrite, sample J15a 
A: Reflected light photomicrograph. Pyrrhotite pseudo-inclusion in albite with large Fe-0-0H rim 
(goe=goethlte). Small sulfide inclusions are found in adjacent lawsonite. B-F BSE images. B: Matrix 
pyrite adjacent to lawsonite. C: Fine-grained matrix pyrite and titanlte. D: Lawsonite with pyrite 
pseudomorphlng grain shape. E: Matrix pyrite with matrix barite, pyroxene, and lawsonite. F: Matrix 
pyrite with weathering rim. 
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Grain mounts of lawsonite mineral separates (Appendix 2), revealed rare sulfide inclusions. It 
should be pointed out that mineral separates of pure lawsonite did not yield sulfide mineral 
inclusions. However, inclusions were found within the less 'pure' lawsonite fractions; that is, 
within fractions that contained abundant lawsonite (still of very good condition), but that also 
contained visible pyrite. Pyrite crystals that were observed in lawsonite mineral fractions are 
almost certainly matrix grains because they are approximately the same size as most lawsonite 
grains. 
A small number of pseudo-inclusions were found along the edges of lawsonite grains, and are 
easi ly recognized either by the presence of Fe-0-0H weathering rims (Figure 4-4a), or by 
visible fractures connecting the sulfide to the edge of the host lawsonite. Pseudo-inclusion 
point analysis compositions which plot near pyrrhotite and pyrite show evidence of S-
dcficiency due to oxidation (to Fe-0-0H). Matrix su lfide minerals found are exclusively 
pyrite. Generally, at - 50-100 µm in size, matrix pyrite grains are much larger than sulfide 
inclusions, and are comparable to the size of lawsonite and matrix barite grains. Barite was 
found both as inclusions in lawsonitc, and as a matrix component in this sample. Previously, 
barite has only been reported from the now defunct Meretrice mine (Briggs et al. 1977), 
located in the lawsonitc zone. 
Most sulfide inclusions found in lawsonite are in the order of - I ~Lm in size, which is too small 
to resolve individual phases. In only one case was a much larger inclusion found (Figure 4-5). 
Bulk area scan compositions of inclusions cluster around chalcopyrite and iss (Figure 4-6). 
Point analyses of unmixed phases were only possible for single large inclusion, as all other 
inclusions found were too small to identify any heterogeneity. The single large inclusion 
shows co-existing chalcopyrite + pyrite + covellite, adjacent to an isolated digenite grain with 
an in-situ weathering rim. The digenite analysis contained Fe, reflecting the presence of 
alteration. This is an example where three dimensional information (Appendix 2, A2.4) on 
sulfide co-existence might reveal covellite in contact with chalcopyrite, however this was not 
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Figure 4-5: Sulfide inclusions in lawsonite, sample J15a. 
A, B: reflected light photomicrographs. A: Very small euhedral sulfide inclusions in lawsonite. 
B: large polyphase chalcopyrite + pyrite + covellite, with adjacent isolated digenite inclusion. 
Digenite inclusion possesses a weathering rim. C: Close up image of part of B showing 
chalcopyrite surrounded by pyrite, with covellite along the edge. The entire inclusion possesses 
a narrow weathering rim, BSE image. 
found (even with repolishing of the illustrated sulfide). 
The co-existence of pyrite+ chalcopyrite + covellite in a single sulfide inclusion may indicate 
that the original high pressure monosulfide unmixed to these three phases upon cooling, where 
tie-lines between these three su lfide minerals can be drawn for lawsonite zone PT conditions. 
This interpretation is consistent with bulk area scan data clustering between chalcopyrite, 
pyrite and covellite, and defining a lawsonite zone sulfide mineral stability. However, 
covellite is not actually in contact with chalcopyrite, which is enclosed in pyrite. At the very 
least, tie-lines between pyrite and chalcopyrite, and between pyrite and covellite can be drawn 
for lawsonite zone PT conditions. The relative stability of chalcopyrite and covellite at high P 
is examined in Chapter 5 (section 5.4.2). 
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Figure 4-6: Inferred phase relations in lawsonite zone meta-basalt. A: Data with integrated high P phase 
relations based on textures in unmixed inclusion, inset photo. Coveilite - chalcopyrite tie-line is 
questionable, as these two minerals are not actually touching. B: Data overlain on low P phase relations 
(from Kullerud 1964 and Craig and Scott 1974). 
Sulfide data from this sample are overlain on the low-P, experimentally-determined Cu-Fe-S 
phase diagram at 400°C (after Kullerud 1964 and Craig and Scott 1974), in Figure 4-6b, 
illustrating the significant differences in phase relations at high P in the Cu-Fe-S system. The 
experimental data indicates that at low P, tie lines exist between pyrite and nukundamite 
(Cus.sFeS6.s) and S, and bornite and pyrite at 400°C. This is quite different from the 
documented high P relationships, where the covellite + pyrite + chalcopyrite association 
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precludes both the occurrence of nukundamitc, and the stable coexistence of pyrite + bornite. 
However, the proposed chalcopyrite - covellite tie-line is tentative at this point; its stab ii ity is 
investigated in Chapter S. 
Lawso111te zone meta-!>·edime11tary rocks 
Lawsonite zone metasedimentary rocks contain garnet-hosted sulfide inclusions. Sample Jl S, 
a metascdimcntary rock, was collected from the same outcrop as lawsonite meta-basalt sample 
Jl Sa where JI Sa is a boudinaged basaltic sheet which shallowly cuts meta-sedimentary rocks 
from which Jl S was taken. Garnet is fine-grained, and though few grains were found in thin 
section, several were recovered in mineral separates. The differences between garnets from 
sulfide - bearing schists in the lawsonite zone arc illustrated in F'igure 4-7: there arc two 
distinct garnet compositions that host sulfide inclusions. Spessartine garnet as in sample JI 6b 
Figure 4-7: Lawsonite zone metasedimentary samples. A and B are plain light photomicrographs. A: 
Sample J15 with almandine garnet. B: Sample J16c with spessartine garnet. Right column shows BSE 
images of garnet grain mounts with Mn elemental maps of typical garnets in mineral separates. 
Spessartine garnets (shown in B) often have narrow rims of almandine composition. 
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and c has been widely documented from the upper portions of the lawsonite zone (i.e. Black 
1977), with XFc = 0.29-0.55 and XMn = 0.21-0.61 (Table 3-3). The rims of garnet with 
spessartine cores in samples J16b and c are often enriched in Fe, accounting for the high Xre 
and low XMn analyses. However, sample J15 garnets are almandine with Xr-c= 0.61-0.64 and 
XMn - 0.02-0.09 {Table 3-3). Almandine has not previously been documented for the 
lawsonite zone. 
Sulfide inclusions in lawsonite zone garnets are normally very smal l (- 1-3 µm), with few 
exceptions. Larger 15-20 µm inclusions appear homogeneous, and do not show evidence of 
unmixing (Figure 4-8). Most sulfide inclusions are found in garnet rims that are generally 
enriched in almandine component relative to garnet cores. However, garn~ts in the lawsonite 
zone arc quite small in comparison with garnet in the epidote, omphacitc, and hornblende 
mineral zones, and the location of sulfide inclusions may not be related to garnet rim 
composition. Pseudo-inclusions lie along narrow quartz-filled fractures within garnets. Matrix 
sulfide is abundant, comprising much larger grains (up to I mm), with euhedral pyrite grains 
commonly overgrowing silicate deformation fabrics evidenced by corresponding inclusion 
trails. Sulfide occurrence and compositions are illustrated in Figures 4-8 (inclusion sulfide), 4-
9 (su lfide compositions). and 4-10 (matrix sulfide). 
Sulfide inclusion compositions from almandine-bearing metascdiment (Jl 5) differ from lhe 
sulfide inclusion compositions hosted in lawsonite in meta-basalt (JI Sa, Figure 4-6) at the 
same location. Eighteen out of twenty su lfide inclusions for J 15 (Figure 4-9) arc pyrite. There 
are two Cu-bearing inclusions. The Cu-bearing area scan composition plots along the 
covellite-nukundamite binary - possibly the result of unmixing from a high pressure 
monosulfide to nukundamile (or chalcopyrite) and covellite. The point analysis of bornite is 
from an isolated homogeneous inclusion in garnet. However, the dominant high-P inclusion 
mineralogy is pyrite. 
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Figure 4-8: BSE images of lawsonite zone sulfide inclusions in garnet grain mounts. k Sample J15. Homogeneous pyrite in almandine. B: 
Sample J16b. Chalcopyrne inclusion, pyrite pseudo-inclusion, and matrix pyrite with silicate inclusion trails. C: Small pyrite grains in silicate 
matrix, pyrite inclusions in garnet 0: Cp-py corresponds to bulk area scan analysis on Figure 4-10 between chalcopyrite and pyrite. E: 
Pyrite pseudo-inclusion along quartz vein. F, G: Sample J16c. Pyrite and chalcopyrite inclusions in spessartine. H: Spessartine with 
numerous quartz inclusions, and a single pyrite inclusion trapped between quartz and garnet. I: Pyrite inclusion between quartz and garnet 
host. Chalcopyrne pseudo-inclusion between paragonne and garnet 
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Figure 4-9: Lawsonite zone metasedlmentary sulfide data, with sulfide inlclusions and pseudo Inclusions 
in garnet, and matrix sulfide. 
Sample J15 sulfide inclusions In almandlne are different than those in related basalt (Figure 4-6). 
Sample J16 inclusions are more Cu-rich. These differences are consistent with varying bulk rock 
compositions, reflected in differing host silicate mineral assemblages. 
Experimental phase relationships at atmospheric P are shown for reference, above. 
Analyses in Appendix 3, Table A3-1 . 
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Figure 4-1 O: Sample J 16c, matrix pyrite. 
A: Euhedral pyrite overgrowing silicate matrix, 
shown by folded silicate inclusion trails which 
trace the deformation fabric in the silicate 
assemblages. Bright white blebs are galena. 
(SSE) 
B-D: Elemental maps with qualitative intensity 
colours. B: Cobalt zoning in pyrite, same grain 
as in A C: Sulfur map shows silicate inclusion 
trails, and character of another matrix pyrite 
(pink coloured sulfide along the edge of the 
yellow pyrite). D: Cobalt map of C. 
E: Pyrite and chalcopyrite, refiected light image. 
S-dcficicnt pyrite and pyrrhotite pseudo-inclusions are hosted in fractures, in almandinc, and 
range in composition from Fe3$4 to Fe > S. Matrix sulfide is all pyrite. Possibly the most 
important point about this sample, is the difference in sulfide inclusion composition when 
compared with lawsonite-hosted sulfide inclusions in meta-basalt. Meta-sedimentary sulfide 
inclusions are Cu-poor while those fow1d within lawsonite in basalt J15a at the same outcrop are 
predominantly chalcopyrite or iss: the bulk composition of the rock influences sulfide mineralogy. 
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This is also reflected by compositional differences in sulfide inclusion assemblages in spessartine 
garnet meta-sedimentary samples described next. 
Samples J 168 and JI 6C were collected from the same location (Figure 4-2). Recent blasting 
in the area provided particularly fresh samples from locality J 16, and include metasedimentary 
and ultramafic rock types, though ultramafics contain no sulfide minerals. The mineralogy of 
these samples (sps-chl-pg-ph-qtz) places them in the upper portion of the lawsonite zone (- 1.0 
GPa, 400-450°C; Fitzherbert et al. 2003), with no glaucophane present. Jl 6b inclusions arc 
mainly chalcopyrite or pyrite or in between the two (Figure 4-9). Inclusions were 
homogeneous and exhibit no evidence of unmixing - possibly because of small grain size. 
However, chalcopyrite + pyrite is a common mineral association. Based on the lack of 
observed mineral heterogeneity, and the widespread occurrence of pyrite + chalcopyrite, bulk 
analyses of mixed composition likely reflect previous mineral co-existence rather than 
unmixing from a high P monosulfide. Two bulk area scan out of twenty-three analyses (for all 
of JJ6) lie between bornite and chalcopyrite (Table A3- l). The dominant inclusion sulfide 
mineralogy is pyrite-chalcopyrite. 
S-depleted pyrite pseudo-inclusions occur along quartz-filled fractures within garnet. Matrix 
sulfide is dominated by large, 200-SOOµm euhedral pyrite and - 50-1 OOµm subhedral 
chalcopyritc aggregates. Pyrite grains contain silicate inclusion trails contiguous with 
deformation in the silicate matrix. This suggests that pyrite is post-tectonic, although it may be 
syn-tectonic. Chalcopyrite grains are comparatively inclusion free, though commonly 
texturally assoc iated with pyrite grains. Matrix pyrite grains in sample J 16c also contain small 
galena inclus ions, and exhibit unusual cobalt zoning (F igure 4-10). Galena in pyrite forms 
elongate blcbs at a high angle to folded si licate inclusion trails. 
Pyrrhotite is found hosted within albite in other metasedimentary rocks in the lawsonite zone 
(samples GC-55 and J36, Table 4- t ). Al bite is interpreted to have grown subsequent to peak 
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metamorphism, as suggested by Fitzherbert ct al. (2005). Therefore, sulfide inclusions in 
albite were enclosed at some point during retrogression. 
Overview of la111so11ile zo11e sulfide 
In summary, sulfide inclusions occur in lawsonite in meta-basalt, and in almandinc and 
spessartine in metasedimentary rocks. Sulfide inclusions in lawsonite and spessartine arc 
similar in composition, whi le sulfide inclusions in almandine are notably Cu-poor, even 
though this sample is adjacent to l.awsonite hosted Cu-rich sulfide. The dominant inclusion 
sulfide mineralogy is pyrite + chalcopyrite, where pyrite is predominant in almandine, and 
chalcopyrite is predominant in lawsonite. Covcllite, bornite, and mixed nukundamite-covellitc 
compositions are rare. 
The matrix sulfide mineralogy is dominated by pyrite, and chalcopyrite to a lesser extent. 
Although inclusion and matrix assemblages are broadly the same, the differences within 
samples arc notable. Euhedral pyrite grains overgrowing all tectonic fabrics (in sample J J 6c) 
indicate that matrix sulfide developed subsequent to prograde and peak metamorphic fabric-
rorming events. 
Pyrrhotite is infrequently present as a pseudo-inclusion, and is demonstrably affected by 
weathering, or alteration along fractures. In rare instances (twice), pyrrhotite is found within 
albite, which is proposed to be retrograde (Fitzherbert et al. 2005). 
4.2.2 Epidotc zone sulfide 
A large regional fault divides the lawsonite from the epidote zone corresponding to the epidote 
isograd (Figure 4-1 1). Fitzherbert et al. (2003) have constrained P-T conditions within the 
epidote zone to 1.4-1.5 Gpa, 450-500°C. The ep idote zone corresponds to the appearance of 
epidote and the disappearance of lawsonite. The epidote zone is also marked by the 
appearance of almandine garnet in all rock types (spessartine is absent). No sulfide inclusions 
have been found within garnet from this zone. However, sulfide minerals have been found in 
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/ ls-ep boundary 
Figure 4-11: The boundary between the lawsonite and epidote metamorphic zones corresponds 
to the change in vegetation along the slackening of the steep slope. Photograph taken north of 
sample location J16 on Figure 4-2. 20°37.61'8, 164°52.55'E. 
the matrix and as pseudo-inclusions. 
Sulfide pseudo-inclusions are found in albite and quartz (Figure 4-12) in meta-sedimentary 
rock types. Pyrite and chalcopyritc are found within quartz in quartzite sample 23903, while 
pyrrhotite and chalcopyrite arc found as inclusions within albite in samples 23897 and 23874. 
The timing of chalcopyrite and pyrite entrapment within quartz is unknown. However, sulfide 
mineral compositions trapped in quartz are the same as the matrix su lfide assemblages in the 
same sample. Sulfide grains are both linearly entrained within quartz grains, and pseudomorph 
quartz grains. Some or all quartz in this sample may have formed during retrogression. 
As discussed in sections 3.4 and 4.2.1, Fitzherbert et al. (2005) suggest that most albitc formed 
subsequent to peak metamorphism, during decompression to -0.8 GPa. Therefore, pyrrhotite 
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Figure 4-12: Epidote zone sulfides. 
A: Albite-rich schist with sigmoidal albite, 
sample 2387 4. Cross polarized light. 
B: Close up of albite in A showing sulfide 
inclusions of pyrrhotite and chalcopyrite. 
Reflected light image. 
C-F: Pyrite and chalcopyrite in quartz grain 
mounts from quartzite sample 23903. Pyrite 
is large and euhedral, closely associated 
with quartz. Chalcopyrite forms elongate 
blebs and chains in quartz. Reflected light 
images. 
and chalcopyrite in samples 23897 and 23874 were enclosed by albite at some point during 
retrogression from 1.5 GPa, the maximum P for the epidote zone (F itzherbert et al. 2003) and 
0.8 GPa. 
Matrix sulfide minerals always comprise pyrite, and lesser chalcopyrite with pyrrhotite in 
basaltic lithologies. In glaucophanite sample 73004a, matrix pyrrhotite encloses pyrite and 
chalcopyrite (Figure 4-13). Chalcopyrite and pyrite are texturally different, easily seen in 
sample 23903 . Pyrite forms large and often euhedral crystals while chalcopyrite grains are 
much smaller, sub- to anhedral grain masses (Figure 4-13). Mineral compositions are shown 
in Figure 4- 14. 
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Overview of epidote zone sulfide 
Figure 4-13: Epldote zone sulfide reflected 
light images. 
A and B: sample 23903, quartzite. A shows 
thin section sulfide disseminated throught 
quartz. A: Sulfide is predominantly pyrite, with 
chalcopyrite forming less prominent anhedral 
masses and chains. B: Pyrite with chalcopyrite 
veining. 
C: sample 73004a, meta-basalt. Matrix 
chalcopyrite with pyrite, surrounded by 
pyrrhotite. 
Sulfide inclusions were not found in prograde porphyroblasts in the epidote zone, which is 
anomalous when compared to the rest of the study area. Matrix sulfide assemblages are 
chalcopyrite and pyrite, with pyrrhotitc in meta-basalt. Numerous thin sections and garnet 
grain mounts were examined from this metamorphic zone. The absence of sulfide inclusions 
within garnet may reflect fluctuations in fluid fs:Jf0 2/f1120 conditions where sulfide was not 
stable during conditions of garnet growth. It is also possible that sulfide inclusions may exist 
in garnet within the epidote zone but were not found in the samples examined for this study. 
This thesis is not an exhaustive analysis of all subduction zone sulfide-fluid-silicate-oxide 
equilibria. Even so, a primary objective is to identify and explain aspects of these processes. 
To this end, the absence of prograde sulfide mineral inclusions in samples from the epidote 
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Figure 4-14: Epidote zone sulfide data. Analyses in Appendix 3, Table A3-2. 
A: Matrix sulfide in metasedimentary rocks is dominated by pyrite and chalcopyrite. Pyrrhotite and 
chalcopyrite pseudo-inclusions were found in albite in samples 23897 and 23874. Pyrite and 
chalcopyrlte pseudo-inclusions were found in quartz. 
B: Co-existing chalcopyrite, pyrite and pyrrhotite found in the matrix of meta-basalt. 
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zone requires some explanation. This may necessitate future investigations, not necessarily 
focussed on New Caledonia, but on other analogues of the subducted crust, either natural or 
experimental. It is still poss ible to highlight the significar1ce of sulfide-silicate equilibria 
through what is at this point, speculation about the absence of prograde sulfide in the epidote 
zone. Consider that magnetite, the predominant Fe3+ mineral in most crustal rocks, is absent 
from mafic-intermediate rocks at subcrustal depths (Green and Ringwood 1967). This fact is 
generally unappreciated in terms of its significance for subduction zone fs2-f o2 buffers. 
Another mineral that takes in Fe3+, stable at subcrustal depths is epidote. We can hypothesize 
that epidote wi ll react with Fe-sulfide to produce silicates (Figure 4-15): 
Ca2Al2Fe3+Si3012(01-f)+7FeS2 + 8Si02 +0.5H20 + 3.25~= Ca2Fe,Si80n(OH)2 + Fc, Al2Si3012 + 7S2 ( I) 
epidote pyrite quartz actinolite almandine 
or 
Ca2Al2FcHSi30 !2(0H)+7FeS + 8Si02-t O.SH20 +3.2502 = ca2FesSis0 22(0H)2 + Fc3Al2Si3012+3.5S2 (2) 
epidote pyrrhotite quartz actinolite almandine 
s 
+quartz 
+HiO 
+02 
Figure 4-15: Epidote+sulfide desulfidation reaction. Reaction 1 in text. 
These reactions are sulfide consuming desulfidation reactions. Jt may be that fluid conditions 
within the epidote zone were such that a reaction such as (1) or (2) completely consumed 
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sulfide to produce Fe-silicates. Subduction zone fluid-sulfide-silicate equilibria are 
investigated in Chapter 6. 
4.2.3 Epidote zone - omphacite zone boundary sulfide 
The boundary from the epidote to omphacite zone in New Caledonia is fault bound, and 
probably re-shuffled by late extension (Rawling and Lister 2002). Sample 96312k is a meta-
basaltic eclogite collected along the boundary between the epidote and omphacite zones. 
Originally, it was thought 963 I 2k belonged in the low-P part of the omphacite zone, based on 
silicate mineralogy that is petrographically consistent with the omphacite zone at 1.4-1.6 GPa, 
550-580°C (Fitzherbert et al. 2003). However, based on the maximum thermal stability of 
covellite (508°C. Kullerud. 1964). which forms part of the sulfide assemblage, this sample 
may belong to the highest-P portion of the epidote zone. 
On Figure 4-16, sulfide inclusion data for three compositionally distinct inclusions from one 
garnet are plotted (sample 963 12k). Inclusions are heterogeneous as shown in Figure 4-1 6. 
The 5 µm pyrrhotite inclusion appears homogeneous; however the area scan (Ta ble A3-3, 
analys is 963 l 2k-S I) shows that it contains almost 7 wt% (5 at%) Cu, whereas a point analysis 
contained no Cu (Table A3-3, analysis 963 I 2k-P I). The two larger inclusions are more 
complex. The ' bottom' inclusion contains what is closest to covellite in composition but 
containing several wt% Pe, co-existing with pyrite. The ' upper' inclusion pictured, contains 
Cu-contaminated pyrite co-existing with Fe-digenite. The mineralogy of the two larger 
inclusions indicates that high-P monosullide in the transitional epidote to omphacite zone, 
unmixed to pyrite and digcnite, and pyrite and covellite. An area scan of the ' upper' inclusion 
yields a composition for the original monosulfide that lies below the pyrite-digenite tie line. 
Possible tie-lines are shown as dashed lines between pyrite, chalcopyrite and digenitc as well 
as pyrite, pyrrhotite and chalcopyrite. Although all of the inclusions were found within the 
same garnet, pyrrhotite was not one of the exsolved phases within the larger heterogeneous 
sulfide. lf the digenite-pyrite tie line is true, this precludes the co-existence of pyrrhoti te with 
covellite. Furthermore, in all of the low P experimental data, pyrrhotite is never found to co-
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exist with covellite or digenite, although it does with chalcopyritc (iss) and pyrite. 
The Cu element map shows that. in particular, the zone where pyrite co-exists with Cu-phases close 
to covellite and digenite is not homogeneous. One possible interpretation is that Cu is being 
concentrated in the sulfide phase (to make digenite, and possibly covellite) during Fe-garnet 
formation. A theoretical study concerning garnet formation rrom sulfide is presented in Chapter 6. 
Alternatively, the texture is the result of unmixing. 
It is possible that sample 96312k is part of the omphacite zone, with a minimum temperature of 
about 550°C (Fitzherbert et al. 2003). This would mean that covellite stabi lity is extended to 
higher T at - 1.5 GPa. In any case, covellite inclusions arc not found within prograde 
porphyroblasts in higher-P metamorphic zones discussed next. Also, this is the first appearance of 
prograde pyrrhotite trapped in garnet. 
4.2.4 Omphacite zone sulfide 
The omphacite mineral zone is characterized by the appearance of omphacite in meta-sedimentary 
rocks (Black 1977). Omphacite zone rocks formed at PT conditions between 1.4-1 .6 GPa, 550-
6000C (Fitzherbert et al. 2003). Of consequence at these temperature conditions, the maximum 
thermal stability of telragonal chalcopyritc is 547°C (Kullerud 1964). At T above 547°C, the 
disordered higher T isometric intermediate solid solution (iss) includes compositions isochcmical 
with chalcopyrite. 
Meta-bmmli 
Eclogite, altered glaucophanite, and felsic eclogite (type II eclogite of Clarke et al. J 997) host 
sulfide inclusions in garnet as shown on Figw·e 4-17. Even in highly altered glaucophanitc 
garnet (separated from less intensely altered eclogite in Figure 4-17), where grains have been 
fractured and extensively altered to chlorite during retrogression, sulfide mineral inclusions are 
preserved. Most of the samples with sulfide inclusions are located on the south side of the Pam 
Peninsula, in the well-preserved metabasites interlayered with abundant, likewise well- preserved, 
meta-sedimentary rocks. 
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A Dlahot eclog1te (mela-basalt) samples 9918, 9931a, 9930b, 9939, B: Glauc:ophanlte: Matrix sulfide only for samples 72811, 9908 and 
9946, end 9949 All occur as boudlns or shoots within wen-preserved inclusion and malriK data for samples 9941 b, 73102 
ornphacile·bearing schists, lack matrix sulfides, with predorninanUy 
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Figure 4-17: Diahot terrane meta-basalt, omphacite zone. 
A: Data from well-preserved samples, south side of Pam Peninsula. B: Sample Data from altered 
glaucophanite. C, D: Samples 9946 and 9931a. Pyrrhotite and chalcopyrite alongside plagioclase 
and pyroxene inclusions in garnet. BSE images. E, F: Sample 9941 b. Elemental maps of 
glaucophanite showing fractured garnet enclosed in chlorite. Garnet hosts multi-phase sulfide 
inclusion. All inclusions plot near pyrrhotite, between pyrrhotite and cubanite with one exception • 
chalcopyrite as shown on A and C. Matrix sulfide was found in glaucophanite and altered eclogite, 
shown in B. 
Analyses are given in Appendix 3, Table A3-3. 
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lnclusion sulfide was found almost exclusively in garnet, though a few pyrrhotite inclusions 
were found within clinozoisite and one in paragonite. Overall, sulfides enclosed within garnet 
are much larger in this metamorphic zone (> I 0 µm on average) than sulfide inclusions in 
lawsonite and garnet at lower pressures. Inclusions in omphacite zone basaltic eclogite are 
very rarely homogeneous pyrrhotite, but mostly a combination of a Cu-rich chalcopyrite/iss 
phase and pyrrhotite as illustrated with photos and elemental maps in Figure 4-17. In several 
garnets. heterogeneous sulfide inclusions consisting of pyrrhotite and an unmixed Cu phase, 
co-exist with an inclus ion suite consisting of pyroxene and plagioclase. Point analyses of the 
Cu-rich phase were usually not possible without contamination from the pyrrhotite portion of 
the unmixed inclusion, as pyrrhotite typically comprises the larger portion of sulfide 
inclusions. However, in two cases the Cu phase was anaJyzed alone. The Cu-rich inclusion 
adjacent to pyrrhotite in garnet from sample 9946 yielded a chalcopyrite composition (pictured 
in Figure 4-17c), while the Cu-rich phase in sample 9949 plots within the iss, near cubanite. 
Pseudo-inclusions include S-deficient pyrrhotite, hosted along fractures in garnet. Matrix 
sulfide is abundant in glaucophanite and type II eclogite (after Clarke et al. 1997), and consists 
of co-existing pyrite, chalcopyrite, and pyrrhotite. 
Two samples from 1he upper portion oflhe omphacite zone contain sulfide inclusions in garnet 
with a small amount of Ni (up to 3 at%, Table A3-3, analysis J40-S3), from samples J 17 and 
J40. Sample JI 7 is well-preserved omphacitc-bearing eclogite, with abundant clinozoisite that 
is only faintly overprinted by greenschist facics retrogression. Sample J40 is coarse-grained 
glaucophane-rich gabbroic-textured eclogite. Figure 4-18 illustrates several of the abundant, 
heterogeneous sulfide inclusions in garnet from sample J 17. Point analyses of individual 
phases show that inclusions are predominantly made up of chalcopyrite and pyrrhotite (Figure 
4- l 9). Bulk area scans of most inclusions plo1 near pyrrhotite, with up to - J J at% Cu (analysis 
JI 7-S l 2, Table A3-3). Higher Cu content of up to 16 at% lies closer to iss (one analysis, J l 7-
S8, Table A3-3). Some bulk area scans yield chalcopyrite compositions. However, most bulk 
area scan analyses plot between chalcopyrite and pyrrhotite, with one exception that plots on 
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Figure 4-18: Reflected light photomicrographs of 
sulfide in sample J17. A: Matrix pyrite with 
patches of chalcopyrite. B: Matrix pyrrhotite and 
chalcopyrite (common matrix assemblage). C: 
Pyrite along chlorite-goethite bearing fracture in 
garnet. Small pristine pyrrhotite and chalcopyrite 
inclusions within garnet. D, E, F, G: Multiphase 
pyrrhotite-chalcopyrite inclusions in garnet. 
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the S-rich side of a pyrite-chalcopyrite tie-line, and another which plots within iss. There are 
two possible interpretations: 
1) Most inclusions are the product of unmixing from a higher P, higher T monosulfide 
that existed between pyrrhotite and chalcopyrite, though closer to pyrrhotite. 
2) Pyl'l'hotite and chalcopyrite previously co-existed prior to entrapment within garnet. 
Chalcopyrite is metastable above - 550°C (Barton 1973), which is the lower T limit of the 
omphacitc zone (Fitzherbert et al. 2003). This lends support for the first interpretation. The 
effect of Pon chalcopyrite stability wi ll be studied theoretically in Chapter 5. 
o endmember mineral 
• point analysis 
• bulk area scan 
• point analysis, pseudo-inclusion 
• bulk area scan, pseudo-inclusion 
10um 
• bulk area can, sample J40 s 
a matrix point analysis 
Fe Fe Ni 
Figure 4-19: Omphacite zone meta-basalt and gabbro for Samples J17 and J40 (only 3 analyses for 
sample J40). Sulfide inclusions contain detectable Ni, particularly sample J40. 
BSE image and elemental maps of sample J17. Images show unmixing of sulfide in garnet. Ni and S 
appear homogeneously distributed while Cu and Fe occupy discrete zones. 
Analyses are given in Appendix 3, Table A3-3. 
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The main difference in sulfide composition between these two samples (J 17 and J40) and the 
other metabasite samples within the omphacite zone is the detectable Ni, and higher Cu-
content. Although 'Jl content is low, elemental maps show that Ni appears to be disseminated 
throughout the sulfide, while Fe and Cu are segregated (i.e. Ni is in sol id solution in both Cu-
and Fe-rich sulfides). The presence of Ni in sulfide is correlated with the higher Cu-content of 
the sulfide inclusions. 
Pyrite pseudo-inclusions were found hosted along fractures within garnet, as illustrated in 
Figure 4-18c. Pyrite is surrounded by chlorite alteration of garnet, indicating its association 
with retrograde greenschist mineral development. Matrix sulfide in sample J 17 is almost 
exclusively pyrrhotite + chalcopyrite. with the exception of one pyrite grain (Figure 4-17a) that 
contains patches of aggregate chalcopyrite. The glaucophane-rich gabbroic-textured eclogite, 
sample J40, contained no matrix sulfide. 
Metasedime11tary rocks 
These omphacite zone rocks are well layered quartz+ albite + phengite + almandine schists, 
usually preserving omphacite (Figure 3-9e). Metasedimentary rock samples from the 
omphacite zone along the south side of the Pam Peninsula contain abundant sulfide inclusions 
in garnet (Figure 4-20). Several of the sulfide inclusions are found adjacent to pyroxene and 
plagioclase inclusions also within garnet. 
Point analyses of the inclusions are almost always stoichiometric pyrrhotite (Fe7Ss). However, 
corresponding bulk area scans yield data that trend from Fe-rich pyrrhotite (close to troilite 
composition) to pyrite in composition. One explanation for the area scan data trend is the possible 
co-existence of pyrite and pyrrhotite in the analyzed inclusions. However, inclusions appear 
homogeneous except for thin alteration rims that can be seen around some of the larger sulfide 
inclusions, even when not connected to the matrix by fractures (Figure 4-20c). The bulk area 
analyses that trend toward pyrite are the result of these narrow weathering rims, which are depleted 
in Fe relative to pyrrhotite. Smaller inclus.ions are generally free of alteration rims. 
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Diahot terrane metasedimentary rocks: 1.4-1.6 Gpa, 550-600°C 
o endmember mineral 
., point analysis 
• bulk area scan 
o matrix point analysis 
samples 9919a, 99191. 9923, 9924a,9931c 
Cu 
Figure 4-20: Omphacite zone, Diahot terrane, meta-sedimentary rocks. 
Top: Sulfide data. Images A-D of sample 9924a. 
A and B are reflected light photomicrographs. 
A: Matrix pyrite and chalcopyrite. 
B: Pristine, well-preserved pyrrhotite inclusion in garnet. Pyrrhotite in same garnet has been almost 
completely altered to goethite. 
C: BSE Image. Pyrrhotite in garnet has a very thin alteration rim. 
D: Fe-elemental map of pyrrhotite with Fe-depleted rim. Area scan data suggests pyrrhotite depleted 
in Fe, which is the result of narrow alteration rims. 
Analyses are in Appendix 3, Table A3-3. 
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Matrix sulfide in metasedimentary rocks is usually pyrrhotitc, which is abundant in certain 
samples (9924a, 9931 b, 9919, 7310 I). Chalcopyrite and pyrite are occasionally present, 
generally not in contact with one another. 
Data from sample 73 10 I have been separated because of the complexity of sulfide inclusions 
in garnet, illustrated with pictures and elemental maps in Figure 4-21. Sulfide compositions 
are complicated because unlike all of the other samples, these sulfides contain Cu, Ni, Co and 
Fe (Table A3-4). Data for inclusions and matrix su lfide arc plotted on various ternary 
diagrams in Figure 4-22. inclusion sulfides are enriched with up to 9 at% Ni (Table A3-3 , 
analysis 7310 I-SJ), with Ni > Co> Cu, while matrix sulfide is enriched in Cu, with Cu> Ni > 
Co. Elemental maps of a heterogeneous inclusion illustrate the complexity associated with 
having four chalcophi le elements. Fe-sulfide is separated from Ni-sulfide by a thin rim of Cu-
sulfidc. For all other sulfides found in the high-P New Caledonian suite, the dominant system 
is Cu-Fe-S, with small amounts of Ni in specified samples. 
Figure 4-21: Metasedimentary sample 73101 , omphacite zone. 
Left: BSE image of numerous sulfide inclusions in garnet, and pseudo-inclusion along chlorite-filled vein. 
Right: elemental maps of a sulfide inclusion showing heterogeneity in chalcophile element distribution. 
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Figure 4-22: Omphacite zone schist, sample 73101. 
Complexity associated with four chalcophile 
elements illustrated in A-D. 
A-C vary Cu, Ni, Co along one axis with Fe and S 
constant. Inclusions are enriched in Ni in 
comparison with Co and Cu. Matrix sulfides are 
relatively enriched in Cu compared with Ni and Co. 
D: compares Co, Ni, and Cu, showing the same 
relationships. 
Analyses are in Appendix 3, Table A3-3 
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Balade mine 
The Balade Mine is located within the Diahot terrane, hosted by the meta-sedimentary rocks 
within the omphacite zone. The dominant ore was Cu, with lesser Pb and Zn. The host rocks 
are variably altered, wilh abundant chloritoid and chlorite (Figure 3-12). These are part of the 
package of rocks described by Briggs et al. ( 1977). These authors state that sulfide deposits 
(including Balade) were sourced from volcanic intrusions, co-genetic with basin sedimentation 
prior to subduct ion, and are thus hosted along stratigraphic horizons within the Diahot terrane. 
Briggs et al. (J 977) go on to state that although these chalcopyrite-rich deposits did experience 
subduction, they do not preserve a record of subduction metamorphism. However, those 
authors did not consider the proximity of normal fau lts shown in Rawling and Lister (2002) 
that would have faci litated fluid influx and sulfide retrogression. 
The massive su lfide sample colleeled from Balade has >70% chalcopyrite, with pyrite more 
common than pyrrhotite (Figure 4-23). Pyrite is sometimes found with lath-shaped 
chalcopyrite. Pyn"hotite is rare and forms small, discrete grains within the chalcopyrite mass. 
Coarse-grained quartz crystals (vein quartz) occur interstitial to massive sulfide. Graphite, 
where present, is rimmed by magnetite and is never in direct contact with chalcopyrite. These 
assemblages do not preserve a record of prograde subduction, since they have been 
retrogressed. The presence of magnetite, the nearby ehloritoid-bcaring alteration zone and 
related normal faults (Rawling and Lister 2002), and the fact that none of the sulfides were 
armoured against any changes in external fluid compositional changes during decompression 
and exhumation suggests that these rocks do not record prograde su lfide metamorphism, and 
are in fact retrograde. Whether they do not preserve a record of prograde sulfide 
metamorphism because they have re-equilibrated, or whether the sulfides were in fact 
crystallized during retrogression is discussed in Chapter 7. 
The significant difference in interpretation of this study with respect to the study of Briggs et 
al. (1977) is the deduction that the chalcopyrite-dominated deposit at Balade reflects 
retrogression. The stability of Cu-Fe sulfide with increasing P will be examined theoretically 
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+ m~ qlz, graphite 
Figure 4-23: Sample from NC2, from the balade deposit. The dominant mineral is chalcopyrite. 
A: Graphite rimmed by magnetite surrounded by chalcopyrite; BSE image. 8 and C: Chalcopyrite 
laths in pyrite; BSE image. 0 and E: refiected light images. Different yellow, brown, and orange 
coloured chalcopyrite are indistlnguisable on the basis of major element composition. 0: 
Pyrrhotite in magnetite, surrounded by chalcopyrite. 
Analyses are In Appendix 3, Table A3-3. 
in Chapter 5. Prograde relationships can only be examined (in New Caledonia) where sulfide 
has been protected from retrogression and fluid influx. 
Overview of omphacite zone .\'llljide 
Pyrrhotite is the predominant sulfide mineral inclusion within garnet in sedimentary and 
basaltic rock types. Heterogeneous inclusions consisting of chalcopyrite and pyrrhotite are 
observed in meta-basalt eclogite. These are li kely the product of unmixing from a higher T, 
higher P monosulfide, as chalcopyrite is not stable above - 550°C at 1 atm (Barton 1973). 
Matrix sulfide in several samples does not appear to have been subject to intense retrograde 
alteration, and like many of the silicates in this mineral zone (sample Jl 7, sample 9924a), may 
have survived intense retrogression. 
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4.2.5 Hornblende wne sulfide 
Previous studies have hypothesised a gap in PT conditions between the Diahot and Pouebo 
terranes due to the fau lted contact shown in Figure 4-24. However, in this study, the assertion 
that both terranes were metamorphosed to high pressure together has been adopted, as the 
faulted contact between the terranes pre-dates subduction metamorphism (e.g. Spandler 2005). 
In this zone, rocks corresponding to zone 4 of Fitzherbert ct al. (2003) within the Diahot 
terrane and all of the Poucbo terrane are included. P-T estimates for this zone are 
approximately I. 7-1.9 GPa, 600-650°C (Carson ct al. 1999 and Fitzherbert et al. 2003). 
Figure 4-24: Fault contact between Diahot and Pouebo terranes. Notebook is 27 cm long. 
20°18.68'8; 164 °30.0?'E 
Eclogite 
Sulfide inclusions are present in almandine. In some cases, pyrite inclusions are altered along 
an edge, but this is rare. Several sulfide inclusions are also found within paragonite, and 
albite, and may not have been enclosed prior to peak metamorphism. The presence of matrix 
sulfide is variable. In this zone, the matrix of several samples has been retrogressed 
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completely, now dominated by barroisitic hornblende with paragonite, chlorite and clinozoisite 
to a lesser extent. However, in two such samples, sulfide inclusions have been preserved 
within garnet: sample J38 and sample 73 11 2. 
The composition of inclusion sulfide in this zone is noticeably different from the omphacite 
zone owing to the lack of abundant pyrrhotite. Sulfide inclusions in garnet are predominantly 
pyrite. The samples in Figures 4-25 and 4-26 are located within the Diahot terrane, but close 
to the boundary with the Pouebo terrane (zone 4 of Fitzherbert et al. 2003). Point analyses of 
inclusion sulfide reveal pyrite and to a lesser extent chalcopyrite. Bulk area scans also yield 
pyri te and chalcopyrite compositions, as well as cubanite. Pyrite appears to be homogeneous, 
while comparably Cu-rich inclusions show evidence of exsolution (Figure 4-26, elemental 
maps). Point analyses of inclusions within paragonite and within albite are pyrrhotite. 
Pyrrhotite grains were only found as pseudo-inclusions or in the matrix. 
,. Pseudo-tnclusion In pafllOOnlte 
,. lnclus10111n gamct 
• Area scan in garnet I 
f v . ~ ..  0 \ 
~~-.--....--.-~Cu Ir. 
o Matrix sulfide 
7 0 
t 
• Ft 
Figure 4-25: 
Hornblende zone, Diahot terrane mafic 
eclogite. 
Data from samples J22, J37, and E803. 
Inclusion sulfide has been plotted 
separately from matrix sulfide. 
Inset photos are BSE images from 
sample J37, of sulfide grains S1 and S2, 
inclusions in almandine {shown). 
Analyses are in Appendix 3, Table A3-4. 
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S1, homogenous pyrite S2, hetergenous: py-iss 
Figure 4-26: Elemental maps corresponding to sample J37 sulfide inclusions 81 and S2 in Figure 4-25. 
Elemental maps show that 81 pyrite is homogeneous while S2 is heterogeneous. 
Sample J38 and 73112 - barroisitic homblende eclogite (no matrix su/flde) 
Jn sample J38, most of the high pressure inclusions of monosulfide have subsequently 
unmixed to bornite and pyrite during decompress ion and cooling. Textural evidence for this 
relationship is shown in Figure 4-27. This relationship between co-existing pyrite and bornite 
is a tie-line that cannot exist at low pressure (at 600°C), as it precludes the co-existence of 
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soo·c 600°c 
at.% ~ 
Experimental phase relaUons after Kullerud (1964) and Craig & Scott (1974). P=1 atm 
J38 Hornblende zone eclogite 
1.9 GPa,-6oo•c 
s 
t c~ 
o endmember mineral 
• 
• point analysis 
• bulk area scan 
Figure 4-27: Sample J38, hornblende zone eclogite, with P-T estimates from Carson et al. 1999. A: 
reflected light photomicrograph of pyrite and bornite in garnet. B: High contrast BSE image of unmixed 
sulfides in garnet. C: BSE images of unmixed bornite/pyrite inclusions in garnet. Analyses are in 
Appendix 3, Table A3-4. 
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several low-pressure relationsphips such as iss-S and bn58-S. However, a bornite-pyrite tie-line 
is present at lower T, according to low P experimental relationships. Rarely, discrete 
chalcopyrite and digenite grains were found, though not co-existing with one another, which 
would be precluded by the proposed high-P bornite-pyrite tie line at 600°C (see below). 
However, sample 73 11 2, with identical silicate mineralogy, has different sulfide inclusions, 
some of which contain up to 5 at% of Ni (Figure 4-28. Table A3-4, analys is 73112-S4) in the 
iss phase. Inclusions are all heterogeneous, with iss in this case having a quite irregular 
surface, that is mottled in appearance in BSE. This mottled appearance distinguishes iss from 
pyrrhotite. This is the only case of pyrrhotite within garnet in the hornblende zone, and it is 
only as an unmixed phase. On Figure 4-28 (on the Cu-Fe-S diagram). bulk area scan 
compositions trend from iss with near chalcopyrite stoichiometry toward pyrite. l suggest that 
in this sample, pyrrhotite is a product of exsolution, and would not have been present during 
peak metamorphism. 
s 
••• 
••cp . ... 
IS 
O endmember mineral 
'Y point analysis 
e bulk area scan 
s 
Figure 4-28: Sample 7311 2, hornblende zone ecloglte. Area scan data contains up to -5 at% NI. lss 
field is shown for 600°C at 1 atm (from Kullerud 1964). A: Plain light photomicrograph showing abundant 
barroisitic hornblende in the matrix, virtually identical to sample J38. B: Reflected light image of 
polyphase inclusion in almandine, with inset BSE image. Mottled appearance of iss (or Cu-bearing) 
phase is revealed only by SSE. Analyses are in Appendix 3, Table A3-4. 
11 5 
Chapter./: HP New Ca/edo11inn sulfide pctrography 
Meta-sedimentary rocks 
In comparison with omphacite zone samples on the southern side of the Pam Peninsula, 
samples J37a and J43 are glaucophane-rich meta-sedimentary schists collected along the 
boundary between the Diahot and Pouebo terranes (Figure 4-29). These two samples are 
remarkable because sulfide compositions are quite different in comparison with sedimentary 
units in the omphacite zone. Sulfide inclusions in garnet lack pyrrhotite, and al l analyses are 
significantly more Cu-rich than inclusions in omphacite zone schists. Bulk area scan analysis 
of an inclusion from sample J43 lies along a line that projects from pyrite tlu-ough to digcnite. 
For sample J37a, three bulk area analyses of heterogeneous sulfide inclusions in garnet range 
from a composition within the iss near cubanite, toward pyrite. It was only possible to analyze 
pyrite individually. 
Fe 
s 
0 
cP [J) cp " • , . 
0 iss 
• J37a - point analysis 
o J37a - bulk area scan 
• J43 - bulk area scan 
o matrix point analysis 
Cu 
Figure 4-29: Hornblende zone metasedimentary schist. Analyses are in Appendix 3, Table A3-4. 
Matrix sulfide when present in hornblende zone eclogite commonly comprises large grains of 
pyrite, chalcopyrite, and pyrrhotite, often together (Figure 4-30, sample 72915 which still 
preserves omphacite). Samples with barroisitic hornblende predominant in the matrix, Jack 
matrix sulfide. Matrix sulfide within metasedimentary lithologies is dominantly chalcopyrite 
(Figure 4-29). 
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Figure 4-30: Hornblende zone matrix sulfide. Data plotted from samples 72909 and 72915, which 
have no sulfide inclusions in garnet, but do however contain abundant matrix sulfide consisting 
normally of pyrite + pyrrhotite + chalcopyrite. Reflected light photo of matrix sulfide from sample 
72915. Chalcopyrite is surrounding pyrite and pyrrhotite. Analyses are in Appendix 3, Table A3-4. 
4.2.6 Omphacite - hornblende zone sulfide transition 
The differences in sulfide mineral assemblages between the omphacite and hornblende 
metamorphic zones in New Caledonfa can in part be attributed to differences in bulk rock 
chemistry, as illustrated by Spear (1993; Figure 4-3 l ). The omphacite zone rocks form part of 
the Diahot terrane, and the entire hornblende zone forms part of the Pouebo terrane, each of 
which has a distinct origin and geological history prior to subduction. Both terranes were 
subducted together, with resultant eclogite-facies metamorphism. While all of the Pouebo 
terrane, and the upper-most portion of the Diahot (all within the hornblende metamorphic 
zone) experienced a similar intensity of metamorphism, it is quite likely that initial bulk rock 
compositions had a significant effect on sulfide mineralogy present in eclogites now. For 
instance, the Diahot terrane rocks that lie within the hornblende zone are pyrite-dominant, 
though lacking in bornite (present in Pouebo eclogite). This difference between the pyrrhotite 
dominant Diahot rocks in the omphacite zone and Diahot rocks in the hornblende zone likely 
reflects a change induced by S-bcaring fluid influx, with pyrrhotite replaced by pyrite. 
However, the difference between the Diahot terrane and Pouebo terrane rocks within the 
hornblende zone is at least partially the result of differing pre-subduction bulk rock 
compositions (for example, Cluzel et al. 2001). 
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Figure 4-31 : Composition tetrahedron for the KFMASHOS system from Spear 1993 (page 507), 
illustrating how bulk rock composition relates to sulfide assemblage. At lower fo2, magnetite + pyrrhotite 
coexist with Fe-rich silicates. At higher fo2. pyrrhotite and pyrite may coexist with chlorite and magnetite. 
This progression continues to even higher fo2 where pyrite may coexist with hematite and chlorlte, and 
more Mg-rich silicates. Although these oxides in particular are lacking In New Caledonia, bulk rock 
compositions are more Mg-rich in the Pouebo terrane (Appendix 6), which contains abundant pyrite. 
4.3 Atypical garnet wning and sulfide occurrence 
In certain cases, unusual 'zoning' in garnet is correlated with sulfide occurrence. Figure 4-32 
illustrates - with elemental maps and garnet chemistry - two cases where garnet enclaves of 
unusual composition were found within ' normal' spessartine and almandine garnet (data for 
these analyses are found in Table 4-2). These features were only discovered because of the 
presence of sulfide inclusions, and have not been previously described. They are difficult to 
recognize in normal and reflected light, and are only faintly recognizable at high contrast by 
SEM. 
Spessartine garnets with unusual Mg-rich garnet enclaves were found in two garnets separated 
from sample JI 6c, a metasedimentary schist from the lawsonite zone. Very small sulfide 
inclusions (<l ~Lm) were found adjacent to relatively high-Mg garnet and titanite inclusions. 
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Spessartme gamet in lawsonite zone pehte: Sample J16c 
Endmembers calculated as 
Mn = Mn/Mn+Fe+Ca+Mg 
Mn 
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• atmandine 
spessartine o gamet enclaves 
Ca 
Figure 4-32: Unusual garnet enclaves in normally zoned garnet are correlated with sulfide 
occurrence. Sulfide inclusions found in sample J38 in particular, may be related to prograde 
metamorphism of limestone. Reaction (3) in the text. 
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T bl 4 2 G a e - I tt d . Fl 4 32 arne compos1 ions po e in 1gure -
Sample (aim+ grs sps Sample (aim+ grs sps 
pyr)/2 pyr)/2 
J16c 0.24 0.22 0.54 J38 0.57 0.37 0.06 
0.20 0.21 0.60 0.15 0.84 0.01 
0.19 0.19 0.62 0.49 0.36 0.15 
0.63 0.30 0.27 0.62 0.34 0.04 
0.23 0.22 0.56 0.50 0.38 0.12 
0.18 0.10 0.72 0.61 0.38 0.00 
0.23 0.23 0.54 0.71 0.28 0.00 
0.42 0.22 0.35 0.73 0.26 0.00 
0.35 0.20 0.44 0.80 0.19 0.00 
0.65 0.28 0.07 0.75 0.24 0.01 
0.23 0.24 0.53 0.67 0.32 0.02 
0.20 0.19 0.61 0.72 0.28 0.00 
0.21 0.21 0.58 0.57 0.39 0.04 
0.65 0.26 0.06 0.51 0.33 0.16 
0.51 0.38 0.11 
0.61 0.36 0.03 
The almandine garnet (sample J38) with unusual Ca-rich garnet enclaves are from sample J38, 
in eclogite from the hornblende zone. In this instance, sulfide inclusions were found within 
grossuJar-rich garnet and not in the enveloping almandine. 
The term enclave is used here to describe discrete domains which are enclosed within garnet, 
but for which it is uncertain whether they are the product of garnet exsolution, or xenolith ic 
and therefore inclusions incorporated during garnet growth. I suggest that enclaves are 
xcnol ithic because compositional boundaries are sharp. One possibil ity that takes into account 
the presence of sulfide adjacent to or within enclaves, is that horizons of limestone found 
elsewhere in the high P belt (Brothers 1974 and others) were incorporated during an earlier 
phase of garnet formation. A reaction can be written which consumes limestone (calcite), 
anorthite, and sulfide to produce garnet: 
CaC03 + CaAl2 Si20a + 5CuFeS2 + Si02 + 0.502 = Ca2FeAl2Si3012 + CusFeS4 + 3FeS2 + C02 (3) 
calcite anorthite chalcopyrlte quartz grossular-almandine bornite pyrite 
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This would be in line with decarbonation reactions suggested by Itaya et al. ( I 985). This 
particular reaction is also consistent with the lack of chalcopyrite found as inclusions within 
the hornblende zone, and the prevalence of bornite + pyrite (urunixed from high P 
monosulfide). 
In both samples, sulfide inclusions were also found in other garnets which lacked unusual 
garnet enclaves. There was no difference in sulfide composition between enclave-bearing and 
enclave-absent sulfide compositions. However, the unusual garnet enclaves have not been 
found in garnets lacking sulfide inclusions although this may reflect the attention paid in this 
study to sulfide-bearing garnet. 
4.4 Prograde sulfide evolution iu New Caledonia 
Prograde sulfide evolution is summarized in Table 4-3. Corresponding phase relations are 
illustrated in Figures 4-33 and 4-34. The major observations of this chapter are summarized 
here: 
1. Matrix sulfide is different from inclusion sulfide in several samples. This is 
demonstrated on a sample by sample basis and is best shown in Table 4-1. At times, 
as within sample 9924a from the omphacite zone, there is no major difference between 
inclusion sulfide and matrix sulfide mineralogy. However even for this sample, 
differences exist; chalcopyrite is a rare matrix mineral, absent in garnet. 
2. Different rock types have different inclusion sulfide compositions. This is best 
demonstrated in samples collected at the same outcrop, such as samples J 15 and J l 5a 
(Table 4-1 ). 
3. Inclusion sulfide varies across metamorphic grade, making it possible to propose 
sulfide isograds in Figure 4-34, with conventional silicate isograds for orientation: 
i. Covel lite becomes metastable at conditions beyond the top of the epidote 
zone. Although its occurrence is not as widespread as pyrite and chalcopyrite, 
its presence characterizes the prograde sulfide mineral stability of the 
lawsonite and epidote metamorphic zones. 
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Table 4-3: Summary of lawsonite and~ arnet hosted sulfide m1nera occurrences and characteristics. 
Mineral lawsonite zone epldote zone omphacite zone hornblende zone 
Covellite 
Pyrrhotite 
Pyrite 
Bornite 
Digenite 
Chalcopyrite 
Sulfide mineral 
occurrence 
py>cp>cv>dg = bn PY > cv = dg > po 
Mineral occurrence 
is inferred from 
sample 96312k, 
along the epidote-
omphaclte 
boundary 
po 
1. cp present in 
unmixed inclusions 
2. py composition 
is the result of Fe-
contaminated po 
---·· line denotes indicator mineral that characterizes metamorphic zone. 
- - • - - • spaced dashes indicates occurrence 
py > bn > dg 
1. cp present in 
one unmixed 
Inclusion 
2. po present in Ni-
bearing, unmixed 
Inclusion 
ii. Pyrrhotite and Cu-rich pyrrhotite dominates the omphacite zone. This invites 
the possibility that pyrrhotite solid solution with copper may increase at high 
pressure (explored in Chapter 5). 
iii. Pyrrhotite is no longer present in prograde assemblage in the hornblende zone, 
which is characterized by pyrite + bornite assemblages. 
4. With increasing grade of metamorphism, sulfide compositions arc more Cu-rich (P-T 
estimates are based on Carson et al. 1999 and Fitzherbert et al. 2003): 
1. Although covellite is the important indicator mineral, pyrite and chalcopyrite 
arc the dominant minerals at 0.7-1.0 GPa, 350-400°C. 
11. Pyrite and chalcopyrite in the lawsonite zone becomes pyrite and bornite 
within the hornblende zone at 1.7- 1. 9 GPa, 600-650°C. 
iii. Pyrrhotite is Cu-rich in meta-basalt lithologies at high P within the omphacite 
zone (1.4-1.6 GPa), with several analyses containing - 10 at% Cu (samples 
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9941 b, 9949, J 17, Appendix 3, Table A3-3). This is enriched relative to the 
experimentally determined Cu content in pyrrhotite at atmospheric P, which at 
700°C is - 3.5 at% Cu (or -5 wt% Cu; Kullerud 1964). Cu solid solution in 
pyrrhotite only decreases with decreasing T. 
The increased concentration of Cu in may be related to garnet formation. For 
instance, as suggested for sample 963 I 2k (section 4.2.3) Fe in sulfide may be 
consumed to form garnet, thus concentrating Cu in the remaining sulfide. In 
the case of sample 96312k this is illustrated by the following reaction: 
FeS2 + 9CuS + Ca2Al2Si20a + Si02 + 02 = CugSs + FeCa2Al2Si3012 + 3$2(4) 
pyrite covellite anorthite quartz digenlte garnet 
The principle of garnet formation by consuming Fe from sulfide is explored 
theoretically in Chapter 6. 
5. The lack of sulfide inclusions preserved from the epidote zone has implications for the 
interpretation of New Caledonian fluid evolution explored in Chapter 6. 
The presence of exsolved phases such as cubanite and chalcopyrite indicate that sulfide 
mineral inclusions unmixed during decompression and cooling. The stability of Cu-Fe sulfides 
with increasing P, the stability of proposed sulfide boundaries, high-P solid solution of 
pyrrhotite with Cu, and the effect of fluctuating fluid fugacity is explored in Chapter 5. 
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High pressure Cu-Fe sulfide phase equilibria 
5.1 Introduction 
Sulfide inclusion petrography of the New Caledonian belt (Chapter 4) shows: 
1. prograde covellite in lawsonite blueschist at 1.0 GPa; 
2. covellite disappearing beyond 1.5 GPa, 500°C; 
3. pyrrhotite is stable by 1.5 GPa, 500°C and dominates assemblages in the omphacite 
mineral zone from 1.5-1. 7 GPa, 550-580°C with abundant Cu in basaltic lithologies; 
and 
4. the highest pressure (1.9 OPa. >600°C) prograde sulfide assemblages are characterized 
by the co-existence of pyrite and bornite. The prograde su lfide mineralogy is 
summarized in Table 5-1. 
Table 5-1: Summary of dominant proorade sulfide mineraloqy, New Caledonia (Chapter 4) 
Metamorphic zone Sulfide inclusions in prograde lawsonite and garnet Sulfide mineral 
(silicate) zone 
Lawsonite zone Chalcopyrite, pyrite, and covellite in lawsonite and pyrite- Covellite 
1.0 GPa, 400°C chalcopyrite in garnet (pyrrhotite absent) 
Epidote zone Covellite 
1.4-1 .5 GPa, <500°C Covelllte, pyrite, dlgenite, and pyrrhotite in garnet 
Omphacite zone Dominantly pyrrhotite, with high Cu content In pyrrhotite In meta- Pyrrhotite 
1.5-1.7 GPa, 550-580°C basalt (covellite absent) in garnet 
Hornblende zone Pyrite and bornite (pyrrhotite absent) in garnet Pyrite 1.9 GPa, 600-620°C 
P-T estimates for silicate metamorphic zones from Carson et al. 1999 and Fitzherbert et al. 2003. 
High pressure phase relations for the Cu-Fe-S system have not been determined 
experimentally. Previous experimental studies have concentrated on low-pressure phase 
relations (reviewed in Chapter 2) and cannot explain the observed sulfide mineral inclusion 
assemblages in lawsonite and garnet from the New Caledonian high-P belt (Chapter 4). In 
particular, the observed co-existence of pyrite + covellite at 1.0 GPa, and pyrite + bornite at 
1.9 GPa is precluded by tie lines between S and bornite, and S and the intermediate solid 
solution (iss), in the published low-pressure experimental topologies at corresponding 
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temperatures. In addition, the Cu-content (up to - I 0 at%) of pyrrhotite from the omphacite 
zone (as determined by bulk area scans in Chapter 4) exceeds the experimentally determined 
maximum for Cu in solid solution with pyrrhotite at low pressures (-3.5 at%, Kullerud 1964). 
To better understand the progressive metamorphism of Cu-Fe-S assemblages during 
metamorphism, thermodynamic modelling of end member equilibria will be used as a starting 
point. Endmember sulfide minerals are displayed on Figure 5-1, and their compositions and 
crystal structures summarized in Table 5-2. Theoretical phase equil ibria are ca lculated for the 
reactions listed in Table 5-3. The objective of considering these reactions in particular, is to 
assess their stability with increasing pressure and to consider which reactions arc likely to 
replace them at higher pressure. 
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Figure 5-1: (A) Known minerals in the Cu-Fe-S system. (8) Solid solution fields. cv = covellite, CuS; 
cc = chalcocite, Cu2S; dg = digenlte, CugSs: bn = bornite, CusFeS4; cp = chalcopyrlte, CuFeS2; cb = 
cubanite, CuFe2S3; tr= troilite, FeS; po= pyrrhotite, Fe1Se; py =pyrite, FeS2, vi= vlllamaninite, CuS2, 
nk = nukundamlte, Cus.sFeSs.s (or Cu3,9Feo.sS4). po-ss = pyrrhotlte solid solution, iss = intermediate 
solid solution, bn-ss = bornite solid solution. 
S2 is an excess fluid component at the P and T conditions of interest for this study. Relevant for this 
diagram, and all reactions in this chapter (Table 5-3). 
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T bl 5 2 St ' h. t I d h f lfid a e • : 01c · 1ome r c comoos1 ion an crvsta oqrao iv o some su 1 e minera s. 
Mineral Abbr 
covellite CV 
chalcocite cc 
high digenite dg 
bornite bn 
chalcopyrite cp 
cubanite cb 
isocubanite icb 
intermediate lss 
solid solution 
nukundamite nk 
troilite tr 
pyrrhotite po 
ovrite PY 
villamaninite vi 
No. Name 
1 py=po 
2 cp=py+bn 
3 cp=po+bn 
4 cv=cc 
5 cp=po+py+bn 
Comp Crystal structure Thermal Reference 
stability {°C) 
at -1bar 
CuS hexagonal <507 Roseboom and Kullerud 1958 
Cu2S <100°Cmonoclinic 1129 Roseboom 1966; Potter and 
100-435°C hexagonal Evans 1976; Morimoto and 
>435"C cubic Kullerud 1963 
(Cu,Fe)9Ss cubic 77-1129 Morimoto and Kullerud 1963 
CuaFeS4 <228"C tetragonal 1100 Morimoto and Kullerud 1966 
>228°C cubic 
CuFeS2 tetragonal 557 Cabrl and Hall 1972; Barton 
1973 
CuFe2$3 <213"C orthorhombic <-200 Cabri 1973 
>213°C tetraoonal 
CuFe2S3 cubic >-200 Cave et al. 1988 
(Cu,Fe)1~s cubic >-200 
Cu3 39feo.61S4 hexagonal- 224-501 Merwin and Lombard 1937; lnan 
rhombohedral and Elnaudi 2002 
FeS hexaQonal 1190 Kullerud and Yoder 1959 
Fe1Ss <300°C monoclinic 1190 Kullerud and Yoder 1959; 
>300"C hexaoonal Toulmin and Barton 1964 
FeS2 cubic 743 Kullerud and Yoder 1959 
CuS2 cubic (pyrite structure . Marcos et al. 1996; Bayliss 1989 type) 
Table 5-3 Reactions in the Cu-Fe-S sys em. 
Reaction Reaction Variance 
FeS2 = FeS + 0.5S2 
5CuFeS2 + S2 = 4FeS2 + CusFeS~ 
5CuFeS2 = 4FeS + CusFeS4+ S2 
2CuS = Cu2S + 0.5S2 
5CuFeS2 = 2FeS + 2FeS2 + CusFeS4 
/J VSOlkJ {J/bar) 
-0.574 
-2.511 
-4.807 
-1.336 
-3.659 
Univariant 
(degenerate) 
Univariant 
Univariant 
Univarlant 
{degenerate) 
Univariant 
6 bn=cc+po+py 2Cu5FeS4 = 5Cu2S + FeS + FeS2 -1.729 Univariant 
Invariant 
Invariant 
Univariant 
7 po+cp=py+bn FeS + 5CuFeS2 + 1.5S2 = SFeS2 + CusFeS4 -1.932 
8 po+icb=py+bn FeS + 5CuFe2S3 + 4S2 = 1 OFeS2 + CusFeS4 -1.562 
9 nk=cv+py 
10 cv+bn=nk+dg 
11 nk+bn=py+dg 
12 nk=py+cv+dg 
13 cp=icb+py+bn 
14 lcb=po+cp 
Cus.sFeSs.s+0.5S2 = 5.5CuS + FeS2 +5.268 
10CuS + 2CusFeS4 = 2Cus.sFeSs.s+ CugSs -20.89 
7Cus.sFeSs.s + 13CusFeS4 = 20FeS2 + 11.5CugSs -109.49 
4Cus.sFeSs.s = 4FeS2 + 13CuS + Cu9Ss 
7CuFeS2 = CuFe2S3 + 2FeS2 + 2CusFeS4 
+5.257 
+0.501 
-0.499 
Univariant 
Univariant 
Univariant 
Univariant 
Divarlant 
(degenerate) 
Molar volume data is assessed from Robie and Hemingway (1995) except for isocubanite (icb), from 
Szymanski (1974). 
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The next section (5.2) will outline the thermodynamics used to evaluate equilibria in sections 
5.3 and 5.4. Sections 5.3 and 5.4 concern the stability of key Fe sulfide and Cu-Fe sulfide 
equilibria as a function of pressure. Where thermodynamic data exist, low-P (atmospheric) 
experimental phase equilibria will be extrapolated to higher pressure, with the objective of 
elucidating mineral paragenesis and phase relations. F'urther consideration is needed to explain 
the high Cu content of pyrrhotite in mafic rocks from the omphacite zone. Bond length and 
molar volume parameters arc used to examine the effect of P on copper incorporation into 
pyrrhotite (section 5.5). 
5.2 High pl"essure sulfide thermochemistry 
Two different sources of standard molal thermodynamic data have been used here: the 
SUPCRT92 (Johnson et al., 1992) software package using the thermodynamic data of 
Helgt:Son et al. ( 1978) is compared with the tabulated thermodynamic data of Robie and 
Hemmingway (1995). When using the Robie and Hemmingway (1995) data, equilibria were 
calculated using a spreadsheet. Table 5-4 compares the thermodynamic properties of 
SUPCRT92 and Robie and Hemingway (1995) for some of the phases in the 3-component Cu-
Fc-S system. On the basis of the thermodynamic data presented, it will be argued that the most 
common Cu-Fe sulfide, chalcopyrite, is unstable upon subduction and that new sulfide 
associations are characteristic of subduction zones. 
T bl 5 4 Th d rt· t 1 b 25°C a e • : ermo 1ynam1c prope 1es a ar, 
Mineral/species Mfr (kJ/mol) 6Sr (J/mol) f),, V..011r1 (J/bar) 
R s R s R s 
Pyrite -171.5 -171.5 52.9 52.9 2.394 2.394 
Troilite -102.6 -100.4 60.3 60.3 1.82 1.82 
Pyrrhotite -97.5 . 60.7 . 1.749 . 
Chalcopyrite -194.9 -186.0 124.9 130.3 4.392 4.283 
Covellite -54.6 -52.3 67.4 66.5 2.042 2.042 
Chalcocite -83.9 -79.5 116.2 120.9 2.748 2.748 
Bornite -371 .6 -334.4 398.5 415.4 9.873 9.86 
S2gas 128.6 128.4 228.17 228.2 2478.97 . 
R =Robie and Hemingway (1995) thermodynamic properties 
S =Johnson et al. (1992) 
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5.2.1 Thermodynamics - brief overview 
In this thesis, the laws of thermodynamics are applied to look at chemical reactions between 
mineral and fluid phases. I relied on several standard references for the calculation of phase 
equilibria, mainly Nordstrom and Munoz (1994), Wood and Fraser (1978), and Spear (1993). 
Throughout this chapter and the next, molar volume (V) and the Gibbs Free Energy equation 
are used to determine which "direction" in P-T space an equilibrium line trends. Molar 
volume data indicates which side of a reaction is favoured with increasing pressure - that with 
a smaller combined molar volume of the solid phases will be favoured al higher pressure. This 
is because molar volume is the pressure derivative of the Gibbs Free Energy, ~ = V. 
Location of equilibrium in P-T space requires calculation of G from V. the enthalpy II, entropy 
S = - /Xi, and heat capacity (Cp) at constant pressure, C P = OH . 
or or 
In order to quantify the P-T-fs2 conditions for the mineral reactions in Table 5-3, we can write 
the change in Gibbs free energy (.!\G) for any reaction at any given P and T as: 
T T I' 
tlGP,r =M/1~298 + f6C1.or-T6S1~298 -1' fCtlC"T)OT+ f6VOP+RTlnK 
298 298 298 
where £lH0, 6S0, 6Cp, and t1 V represent standard-state enthalpy and entropy (subscripts 
indicate P = I bar, T = 298 K), heat capacity and molar volumes of products (right hand side of 
reaction equation) minus those of reactants (left hand side of reaction equation). 6 V is 
calculated with minerals only, not nuid phases. K is the equilibrium constant which is defined 
for the reaction, wC + zD = xA + yB as: 
Where x, y and w, z are stoichiometric reaction coefficients of products and reactants 
respectively, and a is the activity of the specified mineral phase A, B, C, or D. For pure 
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phases, a = I and In I = 0. However, for the gas species S2, this is not the case. Instead, 
activity is usually set equal to thefi~gacity of the species: 
Fugacity,f, is defined as the thermodynamic pressure of a gas phase (Wood and Fraser l 978). 
Jn the thermodynamic data of Robie and Hemingway ( 1995), heat capacities have already been 
integrated, defining the standard state at I bar and the temperature of interest. So, for this data 
set, the following equation is valid: 
With three tmknowns (P, T, fs2), at fixed P, sulfur fugacity is calculated as a function of 
temperature. Reactions I to 4 (Table 5-3) have been plotted (sections 5.3 and 5.4) as a 
funct ion of log f52 and Tat fixed pressures from I bar to 2.0 GPa Reaction 5 (cp:::po+py+bn) 
is a solid-solid reaction. Therefore, P can be calculated directly as a function ofT, without the 
need to consider fs2: 
L1Gp.r= L1I-fi1.r- T681v+ (P-1)/JV= -RT/nK 
Thermodynamic data do not exist for all sulfide minerals in the Cu-Fe-S system, limiting the 
extent to which their phase relations may be assessed. A complete set of molar 
thermodynamic properties for the intermediate solid solution (iss) is unavailable, and reactions 
involving this mineral cannot be calculated. lss is a high-temperature, cubic mineral whose 
composition range includes those of stoichiometric cubanite (Cufe2S3), talnak.hite (Cu9Fe8S16), 
mooihoekite (Cu9FC9S16), putoranite (Cu1.1Fe1.2S2), and haycockite (Cu4Fe~Ss). Instead, 
chalcopyrite is used as a proxy for iss in calculations relevant to New Caledonian sulfide 
metamorphism. Chalcopyrite has a cation-ordered superstructure of the iss crystal structure, 
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and its composition lies within the iss solid solution range (pers. comm. Andrew G. Christy, 
2007). In addition to chalcopyrite, complete thermodynamic properties are available for 
pyrite, troilite, pyrrhotite, covellite, chalcocite, and bornite as listed in Table 5-4. Complete 
thermodynamic datasets are not available for cubanite, isocubanite, or high digenite. 
5.2.2 Comparison of datasets 
Table 5-5 compares log fs2 values for equilibria at 427°C at various pressures. The T of 427°C 
(700 K) was used because Robie and Hemingway (1995) give thermodynamic properties at 
intervals of - 100 Kelvin, and SUPCRT92 will calculate a reaction for any specified T, 
eliminating the need to interpolate to 400°C (for example) in the Robie and Hemingway 
dataset. Also. this T has been experienced by most of the New Caledonian high pressure bell. 
Table 5-6 shows the corresponding differences in 6G. As log fs2 values are different between 
datasets (Table 5-5), likewise the values for Gibbs free energy of reaction show differences 
(Table 5-6 and Figure 5-2). 
Table 5-5: Comparison of loq fs2 with chanqinq P for equilibria, at T=427°C ~ 700K) 
1 bar 0.1 GPa 0.5 GPa 1.0 GPa 2.0 GPa 
Reaction 
R s R s R s R s R s 
1 py=po -6.43 -6.84 -6.34 -6.76 -6.00 -6.42 -5.57 -5.99 -4.71 -5.13 
2 cp=py+bn -3.26 -3.24 -3.45 -3.38 -4.19 -3.97 -5.13 -4.71 -7.00 ·6.19 
3 cp=po+bn ·9.59 -10.54 -9.23 -10.13 -7.80 -8.86 -6.01 -7.26 -2.42 -4.08 
4 cv=cc -2.75 -1.91 -2.55 ·1.76 -1.76 -0.92 ·0.76 0.78 1.23 2.07 
5 cp=po+py+bn nla 
R =data calculated using Robie and Hemingway (1995) thermodynamic properties 
S =data calculated using SUPCRT92, Johnson et al. (1992), and Helgeson (1978) 
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Table 5-6: Comparison of 6G in joules with chanoinq P for equilibria, at T=427°C (700Kl 
1 bar 0.1 GPa 0.5 GPa 1.0 GPa 2.0 GPa 
Reaction 
R s R s R s R s R s 
1. py=po 43060 45873 42487 45300 40191 43007 37321 40137 31581 34367 
2.cp=py+bn 
-43674 -43371 -46183 -45350 -56227 -53266 -68782 -63161 -93892 -82952 
3. cp=po+bn 128566 140126 123764 135859 104536 118754 80501 97383 32431 54630 
4. cv=cc 18443 12841 17108 11506 11764 6159 5084 -519 -8275 -13878 
5. cp=po+py+bn 42446 48375 38791 45254 24155 32744 5860 17108 -30730 -14163 
For reaction 5 At 700K for *R*, P = 1.16 GPa At 700K for *S*, P = 1.55Gpa lsolid-solldl 
R =data calculated using Robie and Hemingway (1995) thermodynamic properties 
S =data calculated using SUPCRT92, Johnson et al. (1992), and Helgeson (1978) 
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Figure 5-2: 6G vs P for reactions 1 to 5 (Table 5-3). Lines for 6G calculated In SUPCRT92 are 
black, while those calculated with Robie and Hemingway (1995) are grey. There is almost no 
difference in 6G for py-po (1), whereas 6G diverges for cp-py+bn (2), cp-po+bn (3), and cp-
po+py+bn (5) and is consistently different for cv-cc (4). 
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5.3 Tbe effect of pressure on Fe-S phase equilibria 
The Fe-S system will be described before considering the more complex Cu-bearing system. 
The systematics have been described in detail in Chapter 2 (section 2.1. 1 ), based mainly on the 
work of Toulmin and Barton (1964). The reaction of pyrite to pyrrhotite, 
FeS + (1) 
pyrite pyrrhotite 
is a curve in log fs2 vs T space, shown at I bar in Figure 5-3. The pyrite-pyrrhotite reaction 
can be described as a geothermometer: the Fe content in pyrrhot ite changes with T and f52• 
Pyrrhotite re-equilibration in the presence of pyrite will occur along the py=po ( I) curve. 
0 
11 bar I 
-3 
-6 
N 
J!! 
~-9 
-12 
-15 '--~~~~~~~~~~~~~~~~~~~~~~~---' 
300 350 400 450 500 550 600 650 700 
T°C 
Figure 5-3: Composition of pyrrhotite as a function of T and log fs2. NFeS is the mol fraction 
of FeS In the system. Calculated using thermodynamic data from Robie and Hemingway 
(1995). 
5.3.1 Sulfur condensation curve 
The S condensation curve has been measured experimentally both in Barton (1973) and in 
Lusk and Bray (2002). Toulmin and Barton (1964, figure 13 therein) calculated the effect of 
pressure on the S condensation curve up to 0.5 GPa. Their result is used here, and extrapolated 
to 2.0 GPa to show the effect of P on the S condensation curve depicted in diagrams 
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throughout this chapter. The initial values for the curve have been taken from Lusk and Bray 
(2002). The S condensation curve shifts toward higher fs2 with increasing P. 
5.3.2 Pyrite-pyrrhotite 
The location of the pyrite-pyrrhotite reaction shifts by - 2.5 log units of fs2 over the range 0-2.0 
OPa, with only a small difference between datasets (Table 5-5). Isopleths of pyrrhotite Fe 
content are plotted for reference on Figure 5-4 (and in diagrams in section 5.4). The pressure 
effect is calculated as in Toulmin and Barton (1964, page 666-668) and refined in Scott ( 1973). 
The following equation from Craig and Scott (1974, page CS-39) was used to calculate activity 
of FeS in pyrrhotite with changing pressure: 
.. , , [(v,~. +Vf'- 3V"")ll ( ) 
a ,...s - a Pd> = a F.s RT . (3~ "!'. - 2) U . P" -P' 
h:S I' 
Where a' and a" arc the activities of PeS at respective pressures P' and P", R is the gas constant, 
N is the mole fraction of FeS in pyrrhotite (indicated by isopleth). The volume data (V) are 
found in Toulmin and Barton (1964) and Scott (1973). This calculation is also outlined in 
Craig and Scott (1974 ). Pyrrhotite isopleths shift toward higher fs2 with increasing pressure. 
Therefore, one might assume that pyrrhotite with lower Fe contents (for example with 
NFeS=0.92) would shift beyond the pyrite-pyrrhotite curve, and thus no longer be stable. 
However, the pyrite-pyrrhotite solvus also shifts toward higher fs2 conditions with increasing 
P, as does the sulfur condensation curve, and so Fe-poor pyrrhotite remains stable at higher P. 
It is important to note that NFcs is the mole fraction of FeS in the system FeS-S2, and is 
different from Fe-content in pyrrhotite as evaluated by the "1-x" term in Fe1.xS. 
Pyrrhotite data from New Caledonia can be plotted on diagrams at appropriate P (Figure 5-4, 
using data from Table 5-7). There are broad differences in pyrrhotite composition between 
mineral zones and between matrix and inclusions in garnet. Differences in matrix pyrrhotite 
composition can tell us about fluid evolution, as matrLx sulfide was subject to some degree of 
equilibration with retrograde metasomatic fluids. Only data for matrix pyrrhotite co-existing 
135 
w 
0\ 
0 -...... , 
-3 
-6 
$ 
~ -9 
k.1.5 GPa 
p011lpag. 
(a.,...agel 
------ ell tone 
"§2 re in proQ(8cie po. 
om zone 
• /~"' Phbzone 
. ' 
f::>'#> ~'ie$"° \ 
-15 '--~~~~~~~~~~~~~~~~~~~~~~~-' 
300 350 400 450 500 550 600 650 700 
PYRRHOTITE: 
epidote zone 
• inclusion 
T (°C) 
+ matrix, co-exists with pyrite 
omphacite zone 
inclusion 
matrix, co-exists with pyrite 
hornblende zone 
• inclusion 
+ matrix, co-exists with pyrite 
I ../ sym~ ~ndicate range in po 
,,. composition 
0 I B: 2.0 GPa 
-3 
1 
• 
/""'"''"' -6 11b zone 
"' J!!
]> -9 • 
~.._, 
-15 ~ 
300 350 400 450 500 550 600 650 700 
T (°C) 
Figure 54: Plots of FeS in pyrrhotite at P=1.5 and 2 GPa. Stars are matrix pyrrhotite 
co-existing with pyrite, while points are pyrrhotite inclusions within garnet, not oo-
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data points were available, as listed in Table ~7. lncJusion temperatures are taken 
from published metamorphic data for plotting here (Carson et al. 1999 and 
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A: Pyrrhotite matrix data for the epidote and omphacite zooes has been plotted at 
1.5 GPa, with all pyrrholite indusion dcta. Pyrrholite inclusions from the epidote 
zone were enclosed within retrograde al bite. Their maximum T of entrapment, dose 
to peak metamorphism is -500°C (Fitzherbert et a. 2005). The possibility that 
albite-hosted pyrrhotite compositions evolved during decompression (prior to alMe 
formation and entrapment), is ilustrated by the dashed arrowhead. 
B: Hornblende zone matrix pyrrholite data and omphacite and hornblende zone 
garnet-hosted pyrrhotite indusion data. 
ep=epidote, om=omphacite, hb-ixlmblende. 
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Table 5-7: FeS In 
Mineral zone Avera e NF.s value 
Epidote zone n=2 Matrix 0.934 
(upper covellite zone) n=2 In plagioclase 0.958 
Omphacite zone n = 28 Matrix 0.939 
(pyrrhotlte zone) n = 121 In garnet 0.940 
Hornblende zone n = 12 Matrix 0.926 
rite zone n = 2 In amet 0.978 
Complete list of samples, compositions, and Nres values listed in Appendix 5. Sample numbers correspond 
to sam les in Cha ter 4. 
with pyrite was used, so that NFcs can be plotted where isopleths touch the pyrite-pyrrhotite 
solvus. Thus, temperatures of equilibration can be interpolated for these matrix grains. The 
lawsonite zone is excluded because no progradc pyrrhotite inclusions were found (Table 5- l ). 
Matrix pyrrhotite composition records decompression to some degree, as indicated by the 
range in compositions when plotted along the PY""PO curve in Figure 5-4. Precise pressures of 
equilibration are not known. There were only two matrix pyrrhotite analyses from the epidote 
zone, between NFcS = 0.93 to 0.94. Omphacite zone matrix pyrrhotite showed a larger range, 
from -0.927 to 0.950. Hornblende zone matrix pyrrhotite had a compositional range from 
- 0.916 to -0.94 for N FcS· The pyrrhotite with NFcS = 0.916, when plotted at 1.0 GPa (not 
shown) has a corresponding T of >650°C, which is slightly too hot for New Caledonian 
metamorphism: this means that it equilibrated at a higher pressure. Broadly speaking, matrix 
pyrrhotite data indicates higher fs2 conditions for the hornblende zone than for the omphacite 
zone, though ranging compositions overlap. Epidote zone matrix pyrrhotitc compositions lie 
within the lower fs2 range for the hornblende zone and within the higher fs2 zone for the 
oinphacite zone. 
At J.5 GPa and 2.0 GPa (based on Carson et al. 1999 and Fitzherbert et al. 2003), pyrrhotite 
data from garnet inclusions within the omphacite and hornblende zones are compared, as are 
pyrrhotite compositions from albite-hostcd grains from the epidote zone (Figure 5-4a and b at 
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1.5 and 2.0 GPa, Table 5-7). Although pyrrhotite inclusions were not found to co-exist with 
pyrite (unlike the matrix), their location in fs2 vs T space can be pinpointed because T of 
pyrrhotite (of known NFes content) enclosure within garnet is known from published silicate 
thermometry and fs2 can be extrapolated. 
For the epidote zone pyrrhotite inclusions in plagioclase, rhe temperature of enclosure is 
thought to have occurred after peak metamorphism (in agreement with Fitzherbert el al. 2005). 
Retrogression is indicated for the epidote zone by the dashed arrow pointing toward lower T 
along the isopleth, accompanying the data points for pyrrhotite in plagioclase at 1.5 GPa and 
-500°C (Figure 5-4a). Similarly, the range in matrix pyrrhotite compositions marks 
retrogression to some degree. Pyrrhotite isopleths shift with changes in P, changing the 
corresponding T for matrix pyrrhotite (co-exiting with pyrite) formation. For example, the 
temperatures corresponding to NFes of 0.92 and 0.95 at the pyrite-pyrrhotite solvus are 650 and 
400°C respectively at I .OGPa (not shown) which is above predicted T for the lawsonite zone 
(Fitzherbert et al. 2003). This shifts to 550 (Nrcs = 0.92) and 450°C CNrcs = 0.95) at 2.0 GPa 
(Figure 5-1 Ob). Although it is evident that matrix pyrrhotite experienced retrogression, the P 
of retrogression cannot strictly be assessed, although ranges in NFcs could be consistent with 
New Caledonian greenschjst facies retrogression (Carson et al. 2000 and Marmo et al. 2002). 
Pyrrhotite in garnet was enclosed during prograde metamorphism, so T estimates are taken as 
- 550-580°C for the omphacitc zone and -600°C for the hornblende zone (T estimates from 
Carson et al. 1999 and Fitzherbert et al. 2003). Not all pyrrhotite data was plotted for the 
omphacite zone, owing to the extensive visible weathering of some samples (Chapter 4), which 
greatly affected Fe content of pyrrhotite. Only analyses of pristine-appearing grains were 
used. There is still a large range in pyrrhotite compositions, from NFcS of - 0.986 to -0.920, 
with the average value at 0.94±0.015 (n = 121 ), Figure 5-4a at 1.5 GPa. 
There are only 2 pyrrhotite analyses to consider for hornblende zone garnet inclusions - as 
pyrrhotite is extremely rare, found only in sample 73 112. Otherwise, the sulfide inclusion 
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mineralogy is pyrrhotite-free (Chapter 4). In terms of bulk composition, pyrrhotite contains - 5 
at% Ni, and variable Cu. Point data for pyrrhotite were used to calculate plotted NFes values in 
this case (Appendix 2, sample 73 112). Compared to omphacite zone pyrrhotite inclusions, the 
pyrrhotite content (Figure 5-4b) indicates lower r')2 values in the hornblende zone with N FeS of 
0.962 and 0.994. 
The differences in Fe content for pyrrhotite even within the same sample may reflect variable 
fs2 conditions either during pyrrhotite formation, during pyrrhotite entrapment, a combination 
of the two, or some other factor such as pyrrhotite cannibalisation to form garnet or alteration. 
5.4 The effect of pressure on Cu-Fe-S phase equilibria 
Published low-P phase relations for the Cu-Fe-S system from Barton (1973) and Lusk and 
Bray (2002) are shown in Figure 5-5 in fs2 vs T space at atmospheric pressure. These define a 
chalcopyrite stability field (in grey, Figure 5-5) limited by the reaction of chalcopyrite to 
bornite and pyrite at high fs2 and by the reaction of chalcopyrite to the iss (the intermediate 
solid solution isochemical with chalcopyrite, Figure 5-Sa) or isocubanite (not isochemical, 
Figure 5-Sb) at low f52• Also shown are reactions I to 3 in Table 5-3 calculated with Robie 
and Hemingway (I 995) data. The upper limit of chalcopyrite stability, cp=py+bn (2). 
(2) 
chalcopyrite pyrite bornite 
can be modelled easily with phase equilibrium data. ln contrast to this, the lower limit of the 
chalcopyrite stability field is determined by its breakdown to the iss, a phase of variable 
composition for which thermodynamic data is not available. Figures 5-5a and 5-5b show a 
change in iss composition can move the boundary. That is why in this thesis, the reaction 
cp=po+bn (3): 
(3) 
chalcopyritc pyrrhotite bornite t:. v = -4.807 
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Figure 5-5. Chalcopyrite stability field is shaded. A: Experimental Cu-Fe-S with intermediate solid 
solution (iss) reactions and the sulfur condensation curve from Barton (1973). 
B: lsocubanite (icb) fields, sulfur condensation curve, covellite stability field [cv+py], and nukundamite 
stability field [nk+py) plotted from Lusk and Bray (2002). Cv=cc (4) corresponds to the limit of stability 
zones for covellite and nukundamite from Lusk and Bray (2002). 
Reactions 1 to 4 (Table 5-3) were plotted using Robie and Hemingway (1995) data. 
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will be employed as the stability limit of chalcopyrite and iss-like phases towards lower f52, 
even though in reality this reaction is known to be metastable due to lhe replacement of 
ordered chalcopyrite by iss and Fe sulfides (Figure 5-5). Chalcopyrite in this model will thus 
appear to occupy a larger stability field in fs2 vs T space than it does in reality, extending to 
lower fs2. 
It is assumed that this approximated stability field for chalcopyrite will behave in the same 
qualitative way (with changing P, T, and fs2) as disordered iss of near-chalcopyrite 
composition. The use of chalcopyrite reactions is warranted because chalcopyrite is stable up 
to - 550°C, and CuFeS2 is a composition that is part of the iss range above that temperature. 
There is only molar volume data available for isocubanite - a cubic polymorph of cubanite 
specified by Caye et al. ( 1988) to be the mineral variably described as "chalcopyrrhotite", 
'·cubanite Tl '', "cubic cubanite", and the intermediate solid solution. Given molar volume data 
for isocubanite, the direction of reaction progress during pressure increase of iss-bearing (with 
isocubanite composition) reactions may be determined -for example, reaction (14) in Table 5-
3. Though thermodynamic evaluation is limited because of the lack of intermediate solid 
solution data, chalcopyrite-bearing fs2 vs T and P-T plots wi ll give an indication of the nature 
of the Cu-Fe-S system at high pressure. In any case, this is the best that can be done with the 
available data. 
Lusk and Bray (2002) define a covell ite stability field (shown as [cv+py], Figure 5-5b), which 
corresponds to calculated covell ite stability as defined by reaction 4 (cv=cc): 
2CuS = Cu2S + 0.5S2 (4) 
covcllite chalcocite ~V-=-1.336 
using Robie and Hemingway ( 1995) data. Lusk and Bray (2002) also show a narrow field for 
nukundamite stability (shown as [nk+py], Figure 5-5b), adjacent to the covellite field, at lower 
fs2· The different scales for Figures 5·5a (log activity of S2) and 5-5b (log fugacity of S2) are 
those of their respective source papers. 
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Figures 5-6a to 5-6c are log fs2 vs T plots of the same reactions (1) to (4) in Table 5-3 
calculated using the SUPCRT92 software. Figures 5-7a to 5-7c use the Robie and Hemingway 
(1995) data. For a given T. reactions (2) cp=py+bn and (3) cp=po+bn define the upper and 
lower f52 limits of chalcopyrite respectively, corresponding to the shaded areas on Figures 5-6 
to 5-7. Reaction (4) cv::;:;cc constrains the stability of covelIHe, which is the mineral that exists 
at highest f52 in the system. As already mentioned, Table 5-4 compares the thermodynamic 
properties of sulfide minerals at I bar, 25°C, from Johnson ct al. (1992, SUPCRT92) and Robie 
and Hemingway ( 1995). Note that there are large differences in Hand S data for bornite at 
25°C. There are also discrepancies between the two datasets for chalcopyrite, chalcocite, and 
covellite, though none as marked as those observed for bornite. 
At I bar (Figure 5-6a SUPCRT92, Figure 5-7a Robie and Hemingway, 1995), the topology of 
the system in log fs2 vs T space is very similar for the two datasets. For example, the 
cp=bn+py curve (2) is almost identical in both datasets. The difference between datasets for 
the py=po curve (1) is an offset of 0.42 log fs2 units, and this difference (for py=po (1) 
only) remains constant with increasing pressure (Table 5-5). This consistency can be 
attributed to the enthalpy term for troilite (Table 5-4 ), which is the only value that differs 
between the two datasets (for py=po (I)). The difference between data sets becomes morn 
pronounced with increasing pressure (Table 5-5). There is a significant difference of almost 1 
log unit for fs2 along both the cv=cc curve (4) and along the cp=po+bn curve (3) even at P 
conditions of I bar. The main differences in the low P datasets can be attributed to the 
differences in thermodynamic state variables as seen in Table 5-4. 
5.4.1 Chalcopyritc stability 
Using either thermodynamic dataset, the stability field of chalcopyrite narrows with increasing 
pressure (Figures 5-6 to 5-7). At 0. I GPa, the calculated equilibria rema in fairly similar, 
though the cv-cc curve (4) plots at higher fs2 in SUPCRT92, and the gap between covellite and 
chalcopyrite stability begins to enlarge. At 0.5 GPa (Figure 5-6b for SUPCRT92 and Figure 5-
7b for Robie and Hemingway) the chalcopyrite field is noticeably smaller than at 0.1 GPa. At 
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Figure 5-6a: log fs2 vs T for some reactions in the Cu-Fe-S system at 1 bar and 0.1 GPa. The shaded area 
corresponds to chalcopyrite stability. Dashed lines are metastable reactions. Calculated using SUPCRT92. 
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area corresponds to chalcopyrite stability. Dashed lines are metastable reactions. Calculated using 
SUPCRT92. 
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Figure 5-6c: log fs2 vs T for some reactions in the Cu-Fe-S system at 1.5 GPa and 2.0 GPa. The shaded 
area corresponds to chalcopyrite stability. Dashed lines are metastable reactions. Calculated using 
SUPCRT92. 
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Thermodynamic data from Robie and Hemingway, 1995 
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Figure 5-7a: log fs2 vs T for some reactions in the Cu-Fe-S system at 1 bar and 0.1 GPa. The shaded 
area corresponds to chalcopyrite stability. Dashed lines are metastable reactions. Calculated using 
Robie and Hemingway (1995) data. 
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Thermodynamic data from Robie and Hemingway, 1995 
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Figure 5-7b: log fs2 vs T for some reactions in the Cu-Fe-S system at 0.5 GPa and 1.0 GPa. The shaded 
area corresponds to chalcopyrite stability. Dashed lines are metastable reactions. Calculated using 
Robie and Hemingway (1995) data. 
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1.0 GPa, chalcopyrite maintains a large stability field using the SUPCRT92 program, while 
Robie and Hemingway (1995) shows only a narTOW field remaining. By 1.5 GPa, chalcopyrite 
stability is much reduced in the SUPCRT dataset (Figure 5-6c) and is completely absent in 
Robie and Hemingway (Figure 5-7c); in both datasets, chalcopyrite no longer has any stability 
field in fs2 vs T space at 2.0 GPa. Instead, the association of pyrite-pyrrhotite-bornite is 
characteristic of high pressures. 
Thus, using either dataset, chalcopyrite stability decreases with increasing pressure. ln Figures 
5-6c and 5-7b, the final disappearance of chalcopyrite occurs at an invariant point that 
corresponds to the intersection of the cp=py+bn (2) and cp=po+bn (3) curves at the py=po ( I) 
curve. The intersection point corresponds to the volatile-free reaction (5) in Table 5-3, where 
chalcopyrite breaks down to pyrite+ pyrrhotite + bornite: 
5CuFeS2 
chalcopyrite pyrrholile pyrite bornite 
(5) 
llYs-=-3.659 
As reaction (5) is independent of f52 it can be plotted directly on a P-T diagram (Figure 5-8). 
Table 5-6 gives equilibrium pressures at 427°C of l. 16 GPa and 1.55 GPa for Robie and 
Hemingway (1995) and SUPCRT92 respectively. This -0.4 GPa difference is slightly 
narrower toward 200°C, and broadens to - 0.5 GPa at 550°C. On Figure 5-8, the PT path for 
eclogite-facies metamorphism is overlain with (5), from both datasets. The implication is that 
all chalcopyrite present in eclogitcs, subducted to P of 1.1-1.5 GPa, is retrograde. 
Each point along the cp=py+bn+po curve (5) in Figure 5-9a corresponds lo the 3-way 
intersection of reactions (I), (2), and (3) (Table 5-3) in log fs2 vs T space. This is illustrated in 
Figure 5-9b with fixed f.c;2 values for reference (using only the SUPCRT92 data; the geometry 
is the same for Robie and Hemingway, I 995). This shows that the terminal stabili ty of 
chalcopyrite with increasing pressure is related to f52 along the cp=py+po+bn curve in Figure 
S-9a, where fs2 decreases with decreasing T. 
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Figure 5-8: Comparison of chalcopyrite stability using the two thermodynamic data sets, with PT 
pathway for New Caledonlan subduction metamorphism (for hornblende zone eclogite). The 
maximum for chalcopyrite stability in this diagram is defined by reaction (5): cp = py +po+ bn. The 
difference in chalcopyrite stability between datasets varies from 0.25 GPa at low T to 0.45 GPa at 
higher T. This diagram shows that chalcopyrite in New Caledonian eclogite Is retrograde. 
PTt information for New Caledonian metamorphism is compiled from Clarke et al. 1997, Carson et 
al. 1999, Marmo et al. 2002, and Fitzherbert et al. 2003. 
5.4.2 Covellite stability 
The covellite (CuS) stability field is limited by the su lfur condensation curve toward higher fs2, 
and by its breakdown to digenite ((Cu,Fe)9S5) toward lower f52 (Barton, 1973 ). However, in 
the absence of digenitc data, the latter reaction is instead modelled using the chemically similar 
phase chalcocite (Cu2S: reaction 4, cv=cc, Figures 5-6 to 5-7). The use of chalcocite as a 
proxy seems valid, as the zone of covellite stability (defined by reaction cv=cc (4) and Robie 
and Hemingway, 1995) coincides with published, low-P work as shown in Figure 5-Sb (cf. 
Lusk and Bray, 2002). At J bar (Figures 5-6a and 5-7a), the covellite stability field is quite 
nanow. However, instead of the covellite stability field decreasing with increasing P, the 
su lfur condensation curve moves toward higher fs2 more than does cv=cc (4), resulting in the 
en largement of a covellite field at high fs2 and P. 
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Figure 5-9: PT diagrams illustrating the relationship between chalcopyrite stability and fs2. As in Figure 
5-8, chalcopyrite stability is defined by reaction (5) cp = py + po + bn. 
A: Numbers located along cp=py+po+bn correspond to log fs2 values, showing an increase in log fs2 with 
increasing T and decreasing P. Bornite phase transition Indicates a change from othorhombic to cubic 
bornite with increasing T. Thermal stability limit for chalcopyrite (from Barton 1973) Indicates a change 
from tetragonal chalcopyrite to cubic iss (CuFeS2). Phase transition information is for 1 bar (Robie and 
Hemingway 1995). Phase transitions have been plotted as independent of P because of their very small 
!:. V. 
8: The relationship between fs2 and the PT diagram in A. The intersection of fs2 sensitive reactions 
cp=bn+py (2) and cp=bn+po (3) at po=py (1) (as shown on Figure 5-6c) is a point corresponding to the 
limit of chalcopyrite stability in PT space along the stability curve defined by reaction (5). 
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In Chapter 4, sulfide inclusions in lawsonite stable at 1.0 GPa, 400°C (Fitzherbert et al. 2003) 
were found to be polymineralic chalcopyrite, pyrite, and covellite. Figure 5-1 Ob shows the 
polymineralic inclusion to comprise chalcopyrite at its centre, surrounded entirely by pyrite 
which is in contact with grains of covellite along the outer edge of the sulfide inclusion. From 
the log fs2 vs T diagrams (Figures 5-6 to 5-7), covellite cannot stably co-exist with 
chalcopyrite. It is possible that at low P, the narrow separation of the covellite and 
chalcopyrite fields is in part due to thermodynamic errors (iiG). However, the gap between 
the covellite and chalcopyrite stability fields becomes more pronounced with any increase in P. 
Therefore, the sulfide assemblage in Figure 5- 1 Ob cannot be in equilibrium: the covellite must 
have formed subsequently to chalcopyrite and pyrite. Possible explanations for this texture 
are shown on Figure 5- 10, keeping in mind that covellite formed prior to lawsonite: 
I) an increase in fs2 and T (Won Figure 5- JOa); 
2) an increase in sulfur fugacity at constant T (X on Figure 5-1 Oa); 
3) a decrease in Tat constant fs2 (Yon Figure 5- I Oa); or 
4) a decrease in T and increase in fs2 (Z on Figure 5- l 3a). 
For the New Caledonian rocks of this study, option 3) can be disregarded because covellite 
formation would have occurred below 300°C, which is below conditions for lawsonite growth 
(Fitzherbert et al. 2003). 
A similar argument can be made for various inclusions within garnet from the epidote-
omphacite transition zone. Polymineralic covellite-pyrite is found alongside separate 
inclusions composed of polymincralic digenite-pyrite and, notably, a separate pyrrhotite 
inclusion, all within the same garnet (Figure 5-1 Oc). Similar Lo the fs2 gap between 
chalcopyrite and covel litc stability, there is an even larger separation in fs2 for the covellite and 
pyrrhotite stability fields (Figures 5-5 to 5-7). Perhaps not surprisingly, this sample (963 12k) 
is located along the highly tectonized boundary (pers comm. Geoff Clarke) between the 
epidote and omphaclte zone, which could facilitate fluid influx, and in turn could have affected 
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Thermodynamic data from Robie and Hemingway, 1995 
400 450 500 550 600 650 700 
Figure 5-10: A: Possible pathways for covellite formation from B (previously existing chalcopyrite and 
pyrite), in fs2 vs T space at 5.0 GPa. W: combined effect of increasing fs2 and T; X: isothermal increase 
in fs2; Y: decreasing T and constant fs2; Z: decrease in T, increase in fs2. All pathways depend on 
chalcopyrite and pyrite pre-dating covellite formation. It is also assumed that covellite and chalcopyrite 
do not come Into contact in the 3rd dimension (this is not expected based on the phase relations). 
B: Covelllte, pyrite, and chalcopyrite in lawsonlte (Sample J15a, Chapter 4). From Figures 5-6 to 5-7, 
chalcopyrite and covellite never stably co-exist. They have not been found adjacent to one another In 
New Caledonia; however the above photograph shows pyrite co-existing with chalcopyrite and covellite 
(the two have not been found in contact with one another). It is proposed in the text that covellite along 
the edge of this sulfide inclusion is an indication of fluid (fs2) and/or T evolution, as shown in A. Reflected 
light image. 
C: Multiphase covellite- and digenite-bearing inclusions co-existing with pyrite and adjacent pyrrhotite 
inclusion. BSE image. 
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sulfide chemistry. One interpretation of the variation in sulfide inclusion compositions in this 
sample is that fluid chemistry along this boundary fluctuated significantly, even during garnet 
growth. Alternatively, the Cu-rich inclusions and the pyrrhotite inclusion might have formed 
at different times prior to entrapment in garnet. For example, covellite and digenite might 
have formed during Cu-S-bearing fluid infiltration (pre- to syn-garnet growth), whi le 
pyrrhotite was a preserved, pre-fluid, pre-existing mineral phase. 
5.4.3 Bornite stability 
Experimental low-P phase equilibria show that at temperatures experienced by New 
Caledonian rocks, bornite is part of a solid solution extending from high digcnite beyond ideal 
bornite composition (Chapter 2). A !though bornite inclusions were not found in prograde 
silicate minerals in all metamorphic zones (bornite inclusions were only found in the 
hornblende zone), it is predicted to be a stable phase at al l P-T conditions relevant to New 
Caledonia (Figures 5-6 to 5-7). In contrast to low pressure phase relations (Chapter 2, section 
1.2.2) where bornite and pyrite do not coexist at 600°C, in New Caledonia, in the hornblende 
zone at 1.9 G Pa and 600°C (Carson et al. 1999) the bornite-pyrite tie line is stable (Chapter 4). 
Terminal bornite reactions at New Caledonian PT conditions must be either metastable or 
occur at much higher P. For example, the f52-independent reaction of bornite to chalcocite, 
pyrite, and pyrrhotite: 
2Cu5FeS4 
bornite 
= 
chalcocite troilitc 
(6) 
pyrite 6 V = -1 . 729 J/bar 
will only occur at -4.5-7.0 GPa, 25-743°C (based on Robie and Hemingway, 1995 data). 
Thus, co-existing chalcocite + lroilite + pyrite may well be an indicator of VHP conditions in 
eclogites elsewhere in the world. 
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5.4.4 Omphacite-horoblende zone: pyrrhotite~pyrite+bornite transition 
To fully explore possible mechanisms for the pyrrhotite to pyrite + bornite transition, the 
stability of reactions (7) po+cp""py+bn and (8) po+icb-py+bn in Table 5-3 were examined 
(reaction (7) is depicted in Figure 5-11). 
FeS + 5CuFeS2 + I .5S2 = SFeS2 + CusFeS4 (7) 
pyrrhotite chalcopyrite pyrite bornite 6 V=-1.932 
FeS + 5CuF~S3 + 4S2 = 1 OFeS2 + Cu5FeS4 (8) 
pyrrhotite isocubanite pyrite bornite 6V=- l.562 
They are both invariant in the Cu-Fe-S system, i.e. a P-T point determined by fs2• These 
reactions could be used to explain the change in sulfide mineralogy from the omphacite zone, 
where pyrrhotite is dominant, to the hornblende zone, where pyrite-bornite is dominant 
(Chapter 4). Reaction (7) between pyrrhotite and chalcopyrite and S2 to bornite and pyrite is 
metastable at l bar (Figures 5-6, 5-7). As it is invariant (has zero degrees of freedom, that is 
with any change in P, T, or fs2 one phase will be lost to the system) there is only one point 
where this reaction would be stable: the intersection ofreactions (2), (3), and (I) in Figure 5-6c 
(at 1.5 GPa) and Figure 5-7b (l.0 GPa). Reaction (7) has been plotted using the Robie and 
Tlemingway data, and does in fact lie at the invariant point referred to (Figures 5-6c and 5-7b). 
With any increase in P, the invariant point slides toward lower T and fs2, as chalcopyrite is lost 
to the system. 
However, it is possible for a rock to follow at trajectory in P-T-fs2 space that never reaches an 
invariant, and for this reason, univariant reactions (2) cp=py+bn and (3) cp=po+bn (Table 5-3) 
are better to evaluate the change in sulfide mineralogy. Although it is well-known that at low 
P the stability field of pyrite + bornite is at much higher fs2 than that of pyrrhotite, at high P 
this distance shrinks such that chalcopyrite + bornite + pyrite+ pyrrhotite meet (as shown in 
Figure 5-6c), and reactions (7) and (8) are not essential to explain the high P sulfide mineral 
transition. 
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The other invariant reaction (8) listed in Table 5-3 reacts isocubanite (for intermediate solid 
solution and for which we have only molar volume data) and pyrrhotite to bornite and pyrite, 
labelled on Figure 5-Sb (instead of chalcopyrite as in reaction 7). .6.Vs for (7) and (8) indicate 
that with increasing P, the reactions wi ll progress toward pyrite and bornite regardless of 
whether the reaction involves chalcopyrite or isocubanite. With increasing P, these invariant 
reactions will favour higher f52 conditions. However in keeping with the above, the P-T-f52 
path followed by a given rock may not have crossed this invariant. 
PY 
I 
po/ 
,------
\ 
\ 
Figure 5-11: Possible mechanism for change In sulfide assemblage using the Invariant reaction 
7. At 1.9 GPa, pyrite and bornite Is favoured over pyrrhotite, and chalcopyrite is not stable at 
highest pressures (above 1.1 -1.5 GPa). Compositions along the portion of the pyrite-bornite tie-
line within the shaded area between pyrite, chalcopyrite and S could be the result of a shift 
toward higher fs2. However, compositions along the pyrite-bomite line outside of the shaded 
area would need a shift in bulk chemical composition. 
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5.4.5 Reaction sequence connecting low-P and higb-P Cu-Fe-S phase diagrams 
Cu-Fe-S phase diagrams have been drawn to accommodate the differences noted for sulfide 
phase equi libria at high pressure in New Caledonia (Figures 5-12 and 5-13). Low pressure 
phase relations are modified here to accommodate observed mineral coexistences in higJ1 
pressure rocks. 
In New Caledonia, covellite has been found to coexist with pyrile from 1.0 to 1.5 GPa, 400-
500°C in the lawsonite and cpidotc metamorphic zones (F igure 5-1 Ob and c, samples .I 15a and 
963 12k in Chapter 4). The covellite-pyrite tie line cannot be explained by retrogressive fluid 
metasomatism because this mineral coexistence is found within prograde lawsonire and garnet 
(Figure 5-1 Ob and c). At 300°C and low pressure, experiments show that a tie- line exists 
between nukundamite (Cu5.5FcS6.s) and S (included on Figures 5-12 and 5-13). 
However, some experimental studies and reviews of experimental studies show that covellite is 
stable witJ1 pyrite at temperatures of 25 - 400°C (Yund and Kul lerud, 1966; Vaughan and 
Craig, 1978, and Sugaki el al. 1975 for 300 and 350°C in hydrothermal experiments - all 
reviewed in Chapter 2). These papers do not have the nukundamite-sulfur tie-line for the 
specified temperatures, although it is established by 500°C (Yund and Kullerud, 1966). This 
means that (extrapolating from low P) in order to establish the high P covellite-pyrite tie-line, a 
series of nukundamite-bearing reactions will have to take place. 
In any case, because covellite and pyrite have been observed to co-exist in New Caledonia, 
nukundamitc-sulfur is deduced to have been metastable: 
Cus.sFeS6.s + 0.5S2 = 5.5CuS + FeS2 (9) 
nukundamite covellite pyrite /).V- +5.268 
(V111 "" 8.357 J/bar for nukundamite from Sugaki et al. 1981) 
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The implications of covellite disappearance at the epidote-omphacite boundary must be further 
explored. New Caledonian sulfide petrography has established a covellite-pyrite tie line in lieu 
of nukundarnite--S2 (reaction 9). The question is: what happens when covellite disappears, and 
the covellite-pyrite tie line ceases to exist. There are two options: 
I ) covellite simply reacts out via the reaction (4) or 
2) coexisting pyrite and covellite can react to bornite and sulfur, establishing a ' new' 
tie line. 
This second option is in keeping with almost all low pressure phase topologies in the Cu-Fe-S 
system where a tie-line exists between bornite and S (Sugaki et al., I 975; Kullerud, 1964; 
Craig and Scott, 1974). However, the existence of a low-pressure bornite-sulfur tie line is 
further precluded by the co-existence of pyrite-digenite, noted within garnet (Pigure 5- l Oc) 
from the transitional epidote - omphacite zone (sample 963121<. Chapter 4). Digenite and 
pyrite are stable together prior to covellite breakdown (texturally evident in Figure 5-1 Oc). 
Additionally, compositions of sulfide inclusions within hornblende zone garnet lie along a 
digenite-pyrite mixing line (sample J38, Chapter 4) suggesting that the digenite-pyrite 
association remains stable into the highest P mineral zones in New Caledonia, and beyond 
covellite breakdown (toward increasing T). For these reasons, we can conclude that the 
bornite-sulfur tie line is metastable and adopl option I from above. 
To begin from low P experimental phase topologies, a series ofnukundamite-bearing reactions 
would need to take place, the first of which has been referred to above (reaction 9) to establish 
the covellite-pyrite tie-line. The fo llowing reactions are needed to allow the pyrite-digenite 
coexistence prior to covellite breakdown: 
I OCuS + 2CusFeS4 = 2Cus sFeS6.s + Cu9Ss (10) 
covellite bornite nukundamite digenite D.V = -20.89 
(I I) 
nukundamite bornite pyrite digenite /lV = -109.49 
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As with covellite, nukundamite is not stable above temperatures of - 500°C. Pollowing from 
the above, a terminal nukundamite reaction can be written as follows: 
(12) 
nukundamite pyrite covellite digenite t:.V - +5.257 
This sequence is illustrated in Figures 5- 12 and 5-13. 
The absence of pure nukundamite in New Caledonia (excluding one inclusion that is mixed 
cove I I ite-nu ku ndam ite in com position from the lawsonite zone) is not surprising, as it occupies 
only a narrow stability zone between bornite solid solution and covellite (Figure 5-5b, Lusk 
and Bray, 2002). The presence of covellite alone is ind icative of quite high fs2 conditions for 
the lawsonite and upper ep idote zone. 
All P and some T information on diagrams 5-12 and 5-1 3 comes from the work on silicate 
metamorphism in Fitzherbert et al. 2003, and Carson et al. 1999 taken in combination with 
what is known about sulfide mineral stabilities (Tables 5-1 and 5-2). 
A major finding of this study is that chalcopyrite is no longer stable above - 1.1-1.5 GPa (this 
study), 550°C (Barton, 1973). Previously (in this chapter), chalcopyrite reacting to bornite, 
pyrite, and pyrrhotite (reaction 5) has been used to characterize chalcopyrite breakdown. 
However, on the basis of tie-lines between the intermediate solid solution (including 
isocubanite) and pyrite in Figure 5-13, another reaction involving isocubanite instead of 
pyrrhotite can be written: 
7CuFeS2 = CuF~S3 + 2FeS2 + 2CusFeS4 (13) 
chalcopyrite isocubanite pyrite borni te AV = +2.147 
Should thermodynamic data become available for isocubanite, the reaction above would more 
accurately express the result of P changes in this system. 
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Within the hornblende zone, the observed co-existence of pyrite and bornite characterizes the 
prograde sulfide mineralogy at 1.9 GPa, - 600°C (P-T conditions only from Carson et al. 
1999). The disappearance of pyrrhotite inclusions (with the exception of one sample which 
contained several wt% Ni, sample 73 l l2 omitted explained in Chapter 4) and the prevalence 
of pyrite-bornite indicates a shift toward higher fs2• However, as discussed previously, 
metasomatic input of S is required to accommodate such a change, and increased Cu-content in 
sulfide probably reflects original bulk rock composition. 
Changes in f.,2 between metamorphic zones in New Caledonia are apparent from compositions 
of existing sulfide mineral phases. High fs2 for the covellite zone at 1- 1.5 GPa, 400-500°C, 
decrease in f52 for the pyrrhotite zone at 1.5 GPa, 550-580°C, and a return to higher f82 
conditions from co-existing bornite and pyrite in the pyrite zone at 1.7-1.9 GPa, - 600°C (P-T 
conditions as determined for silicate assemblages by Fitzherbert et al. 2003, Carson et al. 2000, 
and Carson et al. 1999). These changes are summarized in Figure 5-14. 
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Figure 5-14: Changes in fs2 during New Caledonlan high pressure metamorphism. Portions of cv-cc (4) at 
1.0 GPa, and py-po (1) at 2.0 GPa are plotted as calculated with Robie and Hemingway (1995) data. 
Pyrrhotite dominant fs2 estimated using inclusion pyrrhotite data on Figure 5-1 Ob. 
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5.5 Pyrrhotite solid solution with copper at high pressure 
The complex phase relations presented in section 5.4.5 clearly require experimental work. 
However, there is another aspect to sulfide equilibria that can be used to evaluate the 
characteristics of high P metamorphism: some of the pyrrhotite inclusions in the epidote and 
omphacite zones contain significant Cu. Prograde pyrrhotite is first found as an inclusion in 
garnet in the upper epidote zone at - 1.5 GPa, 500°C, containing -6.5 wt% Cu (or 4.5 at% -
see Appendix 3, Table A3-3, analysis 96312k-S l ,). Some pyrrhotite grains in the omphacite 
zone contain up to - 10 at% Cu in solid solution, as indicated by the composition of pyrrhotite 
in meta-basalt samples 9941 b, 9949, and JI 7 in particular (Chapter 4, Appendix 3, Table AJ-
3). I am unaware of any published study which has this much Cu in solid solution with 
pyrrhotite. and consequently propose this feature to be distinctive of high-P metamorphism. 
The hypothesis that pyrrhotite solid solution with Cu increases with pressure will be examined 
by looking al mineral bond lengths. Using bond length information, we can predict which 
crystal structure would preferentially incorporate Cu with increasing pressure. An increase in 
bond length will lead to an increase in molar volume and less substitution at higher pressure; 
more compact crystal structures will be favoured during compression. 
5.5. l Pyrite - pyrrhotitc 
To begin, Cu-Sand Fe-S bond leng1hs are compared between pyrrhotite and pyrite (Table 5-8). 
Unit cell parameters and atom coordinates for end-member pyrite (FeS2), pyrrhotite (Fe7S8), 
troilite (FeS), and villamaninite (CuS2) are read ily available in the literature. 
Villamaninite - not previously referred to in this thesis - is an uncommon sulfide discovered in 
the mining district of Villamanin, Spain. It is known from a few other mining localities in 
Europe, and has also been identified in black smoker specimens from the Juan de Fuca Ridge 
(Bayliss, 1989) and in the Manus Basin (Ryan, 2001). It is defined by Bayliss (1989) as the 
mineral with an end-member composition of CuS2 and a pyrite-type crystal structure. 
Crysta llographic parameters for villamaninite have been determined in Marcos et al. ( 1996), 
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T bl 5 8 B d I th a e . on eng s 
Mineral r (bond length), A 
Average Fe-S Predicted Cu-S Average Cu-S from 
villamaninlte 
Pyrite (FeS2) 2.262* 2.460 2.412 
Troilite (FeS) 2.423 2.460 2.412 
Pyrrhotite (Fe1Sa) 2.454 2.460 2.412 
Unit cell parameters used to estimate average bond lengths in the program CrystalMaker are from Marcos et al. 
(1996) for villamaninite, Nakano et al. (1979) for pyrrhotite, Evans (1970) for troilite, and Wyckoff (1963) for pyrite. 
Predicted Cu-S bond length calculated from Brown and Altermatt (1985). 
*Very short Fe-S In pyrite due to Fe2+ being in low-spin configuration. 
and provide a basis for comparison of Cu-S bond length. Bond lengths were calculated using 
the program CrystalMaker®t. Average actual mineral bond lengths are compiled in Table 5-8, 
with predicted Cu-S bond length for comparison. 
Cu-S bond length can also be predicted by using the bond-valence parameters set forth in 
Brown and Altermatt (1985) using the following expression: 
Where s is the bond valence, r is the bond length, and ro and B are previously determined 
experimental parameters (Brown and Wu, 1976). In Brown and Altermatt (1985), Table 5-1 
with B=0.37, for Cu-S there are two choices of r,> values because Cu has two oxidation states, 
Cu1 or Cu11 • Cu11 is used here. The bond valence is the same for pyrite and pyrrhotile because 
S is in 6-fold coordination (with either Fe or Cu). Therefore: 
s = charge of anion/coordination = 216 = 1 /3 
Bond length is then calculated as 
r = r 0 - 0.37ln(1 /3), where r 0 - 2.054 A (in Brown and Altermatt, 1985). 
The predicted Cu-S bond length is always greater than actual mineral Fe-S bond lengths. 
However, the difference is much greater for pyrite than for troilite and pyrrhotile. This would 
tBond lengths of actual minerals were measured with Crystal Maker®, a crystal and molecular 164 
visualisation program for Mac and Windows, !Tom CrystalMakcr Software Ltd (www.crystalmaker.com) 
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result in a pressure effect, whereby Cu would preferentially form solid solution in pyrrhotite 
over pyrite as P increases. The Cu-S bond length in villamaninite is likewise significantly 
larger than Fe-S bond length in pyrite (though it is still smaller than 
troilite or pyrrhotite Fe-S). Cu solid solution with pyrite is therefore not expected to occur 
with any increase with pressure. 
5.5.2 Pyrite - troilitc 
Another way to look at this problem is to consider the reaction of Fe-troilite and Cu-"pyrite'' 
(villamaninite) to Pe-pyrite and Cu-troilite: 
FeS,, + CuS2_py = 
troi I ite "pyrite"cvi1tn111unini1c) 
FeS2. PY + 
pyrite 
CuSu 
troilite 
( 14) 
Although a CuS endmember for troilite does not exist in nature, a molar volume can be 
calculated using the proportion of actual bond lengths for Cu-S villamaninite and Fe-S 
pyrrhotite in Table 5-8 (to the power of 3, for volume dimension), and the molar volume of 
troilite (Table 5-9): 
V (C'11·S tmlllt~) = {rC'u-S (vl/lama11i11ite) /rp,,.s (1ro1/11e;}J * V (1rt1f/lte) = 1. 79) J/bar 
This value seems a reasonable approximation for Cu-troilite, as it is somewhat smaller than the 
molar volume of Fe-troilite. A 6 V for the reaction can now be calculated: 
PeS1.r + CuS2 PY = FeS2_py + CuStr ( 14) 
troilite ''pyrite''<villomnrun•lo) pyrite troil ite 6V= -0.439 J/bar 
----------Jow-P--------- -----------high-P-----------
The 6Vfor the above reaction predicts that with compression, the above reaction wil l proceed 
toward Cu-troil ite and Fe-pyrite, which is as expected from before (the same data was used, 
but in a different approach). 
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T bl 5 9 M I f . a e - : o ar vo umes o minera s use dt I It 6.V f k r ti 3 o ca cu a e 0 ey reac ions in sec on 
Mineral V = Molar volume Referencet 
(J/bar) 
FeS troilite 1.816 Evans (1970) 
FeS2 pyrite 2.380 Wyckoff ( 1963) 
CuS2 villamaninite 2.794 Marcos et al., (1996) 
CuS (troilite) 1.791 Calculatedt 
CuFeS2 chalcopyrite 4.391 Hall & Stewart (1973) 
Cu413FeB13S4 isocubanite 8.947 Szymanski (1974) 
CuFe2S3 lsocubanite 6.711 Calculated from Szymanski (1974) 
Calculatedt using 
"CuS" in lsocubanite 1.835 sphalerite data of 
Hutchinson & Scott (1983) 
CusFeS4 bornite 9.868 Koto and Morimoto (1975) 
Calculatedi using 
"CuS" in chalcopyrite 1.953 sphalerite data of 
Hutch in son & Scott ( 1983) 
"FeS" in sphalerite at 2.438 Hutchinson & Scott (1983) 400°C 
tSlightly different values for Vin are used In this section (5.5), for consistency with 
values of r in Table 5-8 (i.e. the same references are used for Vand r) 
tValues calculated in this study are explained in the text. 
-
5.5.3 Cu-incorporation into pyrrhotite in tbc presence of CuFeS2 and CuFc2S3 
The above investigation considers a closed pyrite-pyrrhotite system. However, the effect of 
having a Cu-bearing phase present such as chalcopyrite and/or the intermediate solid solution 
or isocubanite has not been explored. 
First, the effect of the presence of chalcopyrite in addition to the pyrrhotite solid solution with 
Cu is considered (during P increase). To determine the effect of Pon Cu distribution between 
chalcopyrite and pyrrhotite, the "FeS" component (CuS + FeS = CuF'eS2) must be accounted 
for, and removed from the molar volume expression of CuFeS2 to look at ''CuS" behaviour. 
Although data for "FeS" in chalcopyrite is unavailable, we can make use of the experimental 
sphalerite ((Fe,Zn)S) data of Hutchinson and Scott (1983): the "FeS" partial molar volume in 
sphalerite can be substituted for the "FeS" in chalcopyrite. The assumption here is that Fe-S 
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bond lengths in sphalerite structure approximate Fe-S bond lengths in the similar but cation-
ordered structure of chalcopyrite. The partial molar volume for FeS along the troilite-
sphalerite solvus (Barton and Toulmin (1966) and Balabin and Urusov (1995)) is calculated in 
Hutchinson and Scott ( 1983). From their experimental results, V for "FeS'" in sphalerite ranges 
from 24.09cm3/mol at 800°C to 24.38cm3/mol at 400°C, with the corresponding number of 
moles of FeS in sphalerite equal to 0.561 and 0.270 respectively. V "F•S" at 400°C is used to 
calculate the partial molar volume of "CuS" in chalcopyrite (or more accurately within 
sphalerite structure) by subtracting the "FeS" in sphalerite from the molar volume of 
chalcopyrite. 
V "C11S" clwfcopyrlte ;;:: V c/111/cr1pyl'il1 - V "Ft!S"/11 "p/1()/cri1eot-I00°C 
= 4.391 J/bar - 2.438 J/bar ;;:: l.953 J/bar (Table 5-9) 
A ti V can now be calculated for the fol lowing reaction to determine the effect of pressure on 
Cu incorporation into pyrrhotite in the presence of chalcopyrite: 
CuSev + (15) 
chalcopyrite (iss) troilite troilite sphaleritc (iss) LiV= +0.460 J/bar 
----------lligll-P--------- -----------low-P-----------
We can apply the same logic to isocubanite, with lhe composition CuFe2S3• and cubic 
symmetry because CuS in isocubanite = CuFe2S3 - 2(FeS). Molar volume data for isocubanite 
taken from Szymanski ( 1970) is for the molecular formula of Cu413fes13S4, and must be 
recalculated for the CuFeiS3 formula unit based on three sulfurs (Table 5-9). Only then can 
the "FeS"molar volume component of isocubanite be removed by: 
V "C'111i" 1;oc11ba11/te; V l•oc11bt111/I~ - 2· V "FtS".•phnlcr11~ 01-IOO'f"' 
Therefore, V '"ruS" 1socr1bo1111e = 6. 71 I - 2 · (2.43 8);;:: 1.835 J/bar 
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CuS,cb + FeS1r = CuS1r + FeSsp 
isocubanite (iss) troilite troilite sphalerite (isocubanite) 
----------high-P-------- ---------/0111-P-----------
(16) 
tlV= +0.578 J/bar 
In the absence of iss, with increasing P, Cu will preferentially move into pyrrhotite over pyrite. 
When iss (chalcopyrite or isocubanite) is present, with increasing P, Cu wil l move into iss over 
pyrrhotite. The result is summarized in Table 5-10. 
Table 5-10: summary of Cu substitution with pressure Increase 
Low·P Hlgh·P 
pyrite -7 Cu incorporation -7 pyrrhotite 
pyrrhotite -7 Cu incorporation ~ iss (CuFeS2, CuFe2S3) 
5.6 Implications for New Caledonian high p1·cssure sulfide mineralogy 
As chalcopyrite becomes unstable at higher pressures (above I. 1-1.5 GPa Figure 5-8), 
isocubanite could be considered a candidate for a Cu-Fe sulfide stable in the omphacite zone in 
New Caledonia, simply because it is a phase above 500°C. The omphacite zone at> 1.5 GPa, 
550°C (Fitzherbert et al., 2003), is at the limit of chalcopyrite stabi lity in terms of T, and 
possibly P (section 5.4. 1 ). A possible explanation for the increased Cu-content in pyrrhotite in 
the omphacite zone is based on chalcopyrite being metastable at that grade in New Caledonia. 
Jn the absence of chalcopyrite, Cu will be incorporated into pyrrhotite (Table 5-10). The 
question of what Cu-Fe sulfide replaces chalcopyrite at high pressure has not been answered, 
although intermediate solid solution including isocubanite is likely because it is stable at 
higher T. 
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Silicate-sulfide-oxide phase equilibria in subduction zones 
6.1 Introduction 
Traditional 0 2- and Si-dependent equilibria have previously been extrapolated to high P, 
showing that f0 2 and fs2 in a wide variety of geological environments can be gauged by 
comparison to fluid buffering reactions listed in Table 6-1. Many of the equilibria involve 
magnetite, which in intermediate to mafic rock types is eliminated with increasing P during the 
gabbro to cclogite transition (Green and Ringwood, 1967). It is not general ly understood that 
traditional buffers, such as QFM, are no longer applicable to subduction zone metamorphism 
and fluid evolution. This also holds true for the New Caledonian blueschist-eclogite suite, 
which lacks magnetite (Itaya et al. 1985, this study). Therefore, the 'classical' equilibria in 
Table 6-1 are not applicable for evaluating fo2 and fs2 in the rocks of this study. 
The purpose of this chapter is to develop new equilibria that are appropriate for subduction 
zones by proposing reactions between silicates, oxides, and sulfides (stable at low P) to form 
garnet (at higher P). Several analogues which eli minate plagioclase +/- magnetite to produce 
garnet arc proposed in this chapter. Plagioclase-consuming reactions are consistent with the 
transition to cclogite facies : at eclogite facies P-Tconditions, plagioclase is metastable. 
Another phase which continually takes in Fe3+ and is stable at subcrustal P is epidote. Thus we 
can also hypothesize that epidote and other silicates will react with Fe sulfide to produce 
silicates (Table 6-2). This is an important concept that wi ll be elaborated on below (section 
6.1.1 ). 
One of the predicted consequences of reacting Fe in sulfide to produce garnet is the 
concentration of chalcophile elements, such as Cu, in the remaining sulfide phase. This will be 
discussed in light of New Caledonian sulfide petrography (Chapter 4), at the end of the 
chapter. 
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Table 6-1 a: Summary of traditional univariant buffering reactions in the 
F OSS F OST e- - - i and e- - - 1 systems 
Name Abbr. Reaction Dependent on: Reactionll.V 
solids (J/bar) 
Fe·O·S·Si system 
1. fayalite = magnetite + FMQ 3Fe2Si04+ 02;: 2FeJ04+ 3Si02 fo2 univariant* 1.818 
quartz 
2. magnetite = hematite MH 2Fe304+ 0.502 = 3Fei03 fo2 unlvarlant• 0.177 
3. ovrrhotite = pyrite Po Py FeS + 0.582 = FeS2 fs2 univariant• 0.574 
4. pyrrhotite +quartz= PoQF 2FeS+SI02+02 = Fe2Si04+S2 1 fo2-fs2 univarlant• -1.278 
fayalite 
5. pyrrhotite = magnetite PoM 3FeS + 202 = fe304 + 1.5S2 fo2"fs2 univariant* -1.008 
6. magnetite = pyrite MPy Fe304 + 3S2 =3FeS2 + 202 fo2"fs2 univariant• 2.730 
7. hematite= pyrite HPy Fe203 + 2S2 =2FeS2 + 1.502 fo2"fs2 univariant• 1.761 
Fe·O·S·TI system 
8. ilmenite = magnetite + IMR 3FeTi03+0.502 = Fe304+ 3Ti02 f02 univariant** 0.591 
rutile 
9. ilmenite = pyrrhotite + IPoR FeTi03+0.SS2=FeS+ Ti02+ fo2"fs2 univariant 1.066 
rutlle 0.502 
10. ilmenite = pyrite+ IPyR FeTI03+ S2= FeS2+Ti02+0.502 fo2-fs2 univarlant 2.214 
rutile 
ll V calculated using molar volume data of mineral phases from Robie and Hemingway (1995) 
• eQuilibria used In Shi (1992), **used in Ellis and Hiroi (1997) 
T bl 6 1 b T dT I . . t b ff . t' . th F 0 S a e - ra 1 1ona mvanan u enng reac ions in e e- - sys em 
Name Abbr. Reaction Dependent on: 
Fe·O·S system 
i. pyrrhotite + pyrite = magnetite PoPyM 2FeS + FeS2 + 202 = f 0304 + 2S2 foi-fs2 
ii. pyrite = hematite + magnetite Py HM 5FeS2 + 3.502 = Fe203 + Fe304 + 5S2 fo2-fs2 
iii. fayalite + pyrrhotite = quartz + FPyQM Fe2Si04 + FeS + 02 = SI02 + Fe304 + 0.5$2 fo2"fs2 
magnetite 
Equilibria used In Shi (1992). 
In sulfide-silicate-oxide phase relations, fs2 and f02 are interdependent. The dominant S-
species in metamorphic fluids are H2S and to a lesser extent so/·, while S2 is only a minor 
species (Frost 1991). As in Chapter 5, reactions will be written as sulfidation (or redox) 
reactions for simplicity, though the dominant fluid species is H2S (sulfide) in actuality. The 
potential exists for evaluating fH2o by studying phase equilibria of hydrous minerals (e.g. 
Hezarkhani et al. 1999). However, in this study, silicate-sulfide-oxide equilibria are evaluated 
in terms of fs2 and fo2· 
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T bl 6 2 E Tb .. t d d . th' t d C Al s· F 0 S a e - : :QUI 1 na 1n ro uce in IS SU IY - a- . 1- e- - sys em 
Name Abbr. Reaction Dependent on: Reaction AV 
solids (J/bar) 
11 . anorthite + magnetite AMQG 3CaAl2Si20a+2Fe304+ 3Si02:: fo2 divariant -10.356 
+ quartz = garnet 3CaFezAl2SiJ012+ 02 
12. anorthite +hematite+ AHQG CaAl2Si20e+Fe203+ Si02 = fo2 divariant -3.511 
quartz = garnet CaFe2Al2SiJ012+ 0.502 
13. anorthite +pyrite+ APyQG CaAliSl20e+ 2FeS2+Si02+ 02 = foi-fs2 divariant -5.272 
quartz = garnet CaFezAl2SIJ012+ 2$2 
14. anorthite + pyrrhotite + APoQG CaAl2Si20a+ 2FeS+ Si02+ 02 = foi-fs2 divariant 4.124 
quartz = garnet CaFe2Al2Si3012+ S2 
15. anorthite +magnetite AMQPo 4CaAl2Si20a + 2Fe30c + 2FeS + Invariant -14.480 
+ quartz + pyrrhotlte = G 4Si02= 4CaFe2.A12Si3012+S2 
garnet 
16. anorthite+magnetite+ AMQPyG 4CaAl2Si20e+2Fe304+2FeS2 Invariant -15.682 
quartz+ pyrite = garnet +4Si02 = 4CaFezAl2Sb012+2S2 
17. anorthite +magnetite AMQPo- 2CaAl2Sl20a+ Fe304+ 2FeS+ solid-solid, -13.332 
+ pyrrhotite = garnet + GPy 2Si02= 2CaFezAl2Sb012 + FeS2 independent of 
pyrite fo2 & fs2 divariant 
AV calculated using molar volume data of mineral phases from Robie and Heminowav (1995) 
A primary goal of this chapter is to define fs2 and f02 equi libria consistent with New 
Caledonian silicate, oxide, and sulfide petrology. In doing so, it may be possible to explain 
sulfide occurrence or lack thereof, especially as inclusions within garnet. This is relevant to 
the inclusion mineralogy of the epidote zone, where in this study, no garnet was found to host 
sulfide inclusions (previously discussed in Chapter 4, section 4.2.2). 
6.1.1 Essential principles ofsulfid~silkate equilibria 
There are certain principles that must be stated concerning Fe-sulfide equilibria and the 
metamorphism of mafic rocks. Commonly, mafic rock mineral assemblages are illustrated on 
traditional triangular ACF diagrams, as shown in Figure 6-1, projected from excess quartz and 
fluid. For the purpose of this introductory discussion, only Pe is considered, but the Fe-apex of 
the ACF diagram could also include Mg and Mn. The diagrams in Figures 6-2 and 6-3 
illustrate in general terms the role of sulfide mineral and sulfur fluid reactions with Ca-Al-Fe 
silicates. 
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A 
+Quartz 
+H-0.S Huid 
+quartz 
+glaucophane 
+al bite 
+paragonite 
+H-0-Sfluid 
C~-----·o-------- " C'------~·----· F. ropx. mt, llm Cpx Ad opx, mt, illT' 
Figure 6-1: ACF diagram (molecular proportions), with mineral compositions plotted as in Spear (1993). 
A: Simple basalt mineralogy. 
B: Some hydrous mineral phases stable in mafic rocks which have experienced crustal metamorphism 
under various conditions. 
Typical ly, subalkaline basalt mineral assemblages comprise plagioclase, clinopyroxene, 
orthopyroxene and Fe-Ti oxide. Water-influx during burial and regional metamorphism will 
produce a series of additional phases (Figure 6-1 b). First, consider only the Fe apex of the 
ACF diagram (ignoring Ca, Al, Si). The H-0-S fluid potentially exists in equilibrium with a 
range of oxide and sulfide phases, which all plot at the Fe corner of the ACF triangle. These 
phases participate in the classical 02 and 82 buffers: QFM (1), MH (2), and others listed in 
Table 6-1. 
S-fluid influx will affect silicates other than just olivine, including amphibole, chlorite, 
pyroxene, and garnet. Balanced reactions can be written for each of these minerals, where the 
Fe-component of the individual silicate phase combines with S to produce a sulfide. The 
consequence is the formation of a more aluminous and/or more calcic phase, which must 
coexist with the sulfide. For instance: 
Ca2FesSis0 22(0H)2 + S2 - 2CaFeSh06 + 3FeS2 + 4Si02 + 1.502 + H20 
actinolite clinopyroxenc pyrite quartz 
3Ca2(Fe4Al)(Si1Al)022(0H)2 
hornblende 
+ 
zoisite cl inopyroxcnc pyrite quartz 
(18) 
(19) 
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c 
Reactions plotted {labelled as in text): 
+quartz 
+glaucophane 
+al bite 
+paragonite 
+H-0-S fluid 
Fpyrite 
18. actinolite + S2 = cllnopyroxene + pyrite + quartz + vapour + 02 
19. homblende + S2 = zoisite + cllnopyroxene + pyrite + H20 + 02 
20. Fe-chlorite + S2 = gamet + pyrite + quartz + vapour + 02 
21 . Almandlne +S2 =pyrite+ kyanite +quartz+ 02 
Figure 6-2: Influence of S-fluid ingress on silicate mineralogy to form pyrite. Red arrows indicate reaction 
from Fe-rich silicate toward Ca/Al-enriched silicate (while forming pyrite). Only pyrite is shown in this 
diagram. However, all of these reactions can also be shown with pyrrhotite. The shaded area 
corresponds to products of reaction 19. 
Fe1Al4Si401s(OH)12 + S2 + 2Si02"" 2Fe3A'2Si3012 + FeS2 + 6H20 + 0.502 
chlorite quartz. almandinc pyrite 
Fe3Al2Si3012 
almandine 
3FeS2 
pyrite 
+ Al2Si05 + 2Si02 + 1.502 
kyanite quartz 
(20) 
(2 1) 
These reactions are illustrated in Figure 6-2. All show that S-fluid reacting with Fe-bearing 
silicate will result in the formation of sulfide and a relatively enriched Ca/ Al silicate phase. 
Furthermore, sulfide forming reactions can be shown to break tie-lines of coexisting high-P 
phases (Figure 6-3). Sulfur-bearing equilibria can be written with any number of Ca-Al 
(hydrous or anhydrous) phases including plagioclase, zoisite, epidote, and lawsonite. These 
Ca-Al phases can be reacted with sulfide to produce coexisting garnet-clinopyroxene or 
garnet-clinoamphibole. For example, choosing anorthite as the low-P Ca-Al silicate: 
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A 
c Cpx Act 
+quartz 
+H-0-S fluid 
22. anorthite + pyrite + quartz + 02 = garnet + clinopyroxene + S2 
Figure 6-3: The reaction garnet and clinopyroxene with S-fluid to pyrite and anorthite. It is apparent from 
this diagram that similar reactions can be proposed between sulfide and zoisite or sulfide and lawsonite 
to S-fluid and either garnet and clinopyroxene or garnet and amphibolie (actlnollte here). 
CaAhSiiOs+ 2FeS2 + Si02 + 0 2= CaFeiAl2Sh012 + 2S2 (13) 
anorthite pyrite quartz garnet 
or 
CaAhSiiOs+ 4FeS2 + 3 Si02 + 202 = fe3Al2Si3012 + CaFeSii06 + 4S2 (22) 
anorthite pyrite qua1tz garnet clinopyroxene 
The above reaction (22) illustrates how the ingress of a $-bearing nu id can cause a reaction of 
the eclogite assemblage clinopyroxcnc-garnct (and, analogous ly, amphibole-garnet) to produce 
Fe sulfide coexisting with a Ca-Al phase. The converse also holds true. Namely, that during 
prograde metamorphism existing sulfide will react with Ca-Al silicate to produce garnet, 
garnet-clinopyroxene (at higher T), or garnet-amphibolc (at lower T). 
From this premise, it becomes clear that numerous possible, balanced equilibria can be written 
for silicates and sulfides. These include many of the equilibria discussed in detail in section 
6.3, and included in Table 6-2. Additional S-fluid absent reactions can also be written 
whereby, for example, a Ca-Al silicate and pyrrhotite (FeS) produces Ca-Fe garnet together 
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with pyrite (reaction (17) AMQPoGPy, Table 6-2). Since these equilibria are independent of 
fs2 and f0 2, they can be plotted in P-T space (section 6.3.1 ). 
The same principles may also be applied to the Fe-Ti oxides. Reaction with sulfur 
concentrates the remaining Ti and 0 into Fe-depleted oxide assemblages. For instance: 
FeTi03 + S2 = 
ilmenite 
Ti02 + FeS2 
rutile 
Other equilibria in Table 6- la also demonstrate this effect. Evidence for these types of 
reactions is described in section 6.4.2. Namely, relic ilmenite and pyrite are found coexisting 
together with rutile in eclogite. 
Returning to the discussion of ACF assemblages and S-iluid ingress (F igures 6-1 to 6-3), it 
should be noted that solid solution with ferromagncsian silicates will also be influenced by the 
addition of a sulfur-bearing fluid. None of the above reactions will necessarily eliminate the 
reactant silicate. Rather, reaction progress will drive silicate compositions toward more Mg-
rich compositions. Conversely, reactions between existing sulfide and silicate minerals will 
favour the formation of the silicate that is richest in Fe. Genera lly, the relative Mgl(Mg+Fe) 
ratio is clinopyroxene > amphibole > garnet. Therefore, it is not surprising that garnet is the 
sllbduction zone silicate which contains the majority of rel iet inclusions in sulfide. 
6.1.2 Thermodynamics - overview 
The evaluation of selected equilibria (Table 6-1 a) to construct phase diagrams in thjs chapter 
fol lows the explanation given in section 5.2.1, with differences elaborated here. For reactions 
that involve one fluid species, S2 or 0 2: 
!!:J.GP.r = Aff1~r -TM,~r +(P-1)6V =-RTln K-RTlnf;. 
Where h is the fugacity of a particular gas species, 0 2 or 82. With three unknowns (P, T, fx), 
at fi xed P, fugacity can be calculated as a function of temperature as in Chapter 5. However, 
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several equilibria involve both 0 2 and S2, and fugacities must be calculated at fixed P and T: 
6.Gr.r = Afl1~r -TM1~r + (P-1)6.V =-RT In K + V s2RTlnf82 +v02 RT ln / 02 
Where v is the stoichiometric number of the indicated fluid phase (positive number of 
molecules for products, negative number for reactants). At selected P and T, fs2 is calculated 
as a function of fo2· 
Calculations of equilibria plotted on various phase diagrams used Robie and Hemingway 
(1995) thermodynamic data (reference values given in Table 6-3) and a spreadsheet. The 
results of the calculations are summarized in Table 6-4. 
The purpose of the following sections is to examine how oxide minerals react with silicate and 
sulfide minerals, and evaluating f02 barometers that are more appropriate when describing 
subduction zone metamorphism than the classical FMQ (1) and MH (1) buffers. 
Table 6-3: Thermodynamic properties of selected phases at 1 bar, 25°C from Robie and Hemingway 
(1995). 
Mineral endmember M-Ij (kJ/mol) s (J/11101) V (J/bar) 
almandine -5264.7 342.6 11.532 
anorthite -4234.0 199.3 10.079 
fayalite -1478.2 151.0 4.631 
grossular -6640.0 260.1 12.528 
hematite -826.2 87.4 3.027 
ilmenite -1232.0 108.9 3.169 
magnetite -11 15. 7 146.1 4.452 
rutile -944 50.6 1.882 
pyrite -171.5 52.9 2.394 
troilite -102.6 60.3 1.82 
quartz ·910.7 41.46 2.269 
S2gas 128.6 228.17 2478.97 
02gas 205.15 
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T bl 6 4 S a e - f I f d I t I t d Tb I . T bl 6 1 d 6 2 ummaryo OQ s2 an OQ 02 va ues or se ec e equ1 1r a in a es - an . 
Reaction P (GPa) 327°C 427°C 527°C 627°C 
log fo2 log fs2 log fo2 log fs2 log fo2 log fs2 log fo2 log fs2 
1 FMQ 0.5 
-32.9 - -26.6 - -22.0 - -18.5 -
1.0 
-32.1 - -25.9 - -21.4 - -18.0 -
1.5 -31.3 - -25.2 - -20.8 - -17.5 -
1.9 -30.7 - -24.7 - -20.3 - -17.1 -
2 HM 0.5 
-28.9 - -22.7 - -18.0 - -14.2 -
1.0 -28.7 - -22.6 - -17.8 - -14.1 -
1.5 
-28.6 - -22.4 - -17.7 - -14.0 -
1.9 
-28.4 - -22.3 - -17.6 - -13.9 -
8 IMR 0.5 -29.9 - -23.8 - -19.4 - -16.1 -
1.0 -29.4 - -23.4 - -19.1 - -15.7 -
1.5 -28.9 - -23.0 - -18.7 - -15.4 
-
1.9 -28.5 - -22.6 - -18.4 - -15.1 -
9 IPoR 0.5 -30 -8.0 -30 -11 .3 -30 -13.8 -30 -15.8 
1.0 -30 -7.6 -30 -10.9 -30 -13.5 -30 -15.4 
1.5 -30 -7.1 -30 -10.6 -30 -13.1 -30 -15.1 
1.9 -30 -6.6 -30 -10.2 -30 -12.8 -30 -14.8 
10 IPyR 0.5 -25 -6.3 -25 -7.1 -25 -7.8 -25 -8.3 
1.0 -25 -5.8 -25 -6.7 -25 -7.5 -25 -8.0 
1.5 -25 -5.3 -25 -6.3 -25 -7.1 -25 -7.7 
1.9 -25 -4.8 -25 -6.0 -25 -6.8 -25 -7.4 
11 AMQG 0.5 -32.0 - -26.7 - -22.8 - -20.0 -
1.0 
-27.5 - -22.8 . -19.4 - -17.0 -
1.5 
-23.0 - -19.0 - -16.1 - -14.0 -
1.9 
-19.3 - -15.9 - -13.4 - -1 1.6 -
15 AMQPoG 0.5 - -32.0 - -26.7 - -22.8 - -20.0 
1.0 - -27.5 . -22.8 - -19.4 - -17.0 
1.5 - -23.0 - -19.0 - -16.1 - -14.0 
1.9 - -19.3 - -15.9 - -13.4 - -11.6 
16 AMQPyG 0.5 - -10.1 - -7.5 - -5.6 - -4.2 
1.0 - -6.7 - -4.6 - -3.0 - -1.9 
1.5 - -3.3 - -1.7 - -0.5 - 0.3 
1.9 - ·0.6 - 0.7 - 1.6 - 2.1 
Calculated with Robie and Hemingway (1995) data. 
6.2 Fe-0-S-Si system 
This simple system has been thoroughly evaluated in Shi (1992), who calculated the 
theoretical phase relationships up to 4 GPa. The critical relationships are reproduced in Figure 
6-4, which I calculated using Robie and Hemingway (1995) data to model the traditional 
equilibria in Table 6-1: 
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3Fe2Si04 ·I 02 ; 2fe304 + 3Si02 FMQ (I) 
fayalite magnetite quartz 
2Fe304 + 0.502 3Fe203 HM (2) 
magnetite hematite 
FeS + 0.5S2 FeS2 PoPy (3) 
pyrrhotite pyrite 
2FeS + Si02 + 02 Fc2SiO~ + S2 PoQF (4) 
pyrrhotile quartz fayalite 
3FcS + 202 Fe304 + l .5S2 PoM (5) 
pyrrhotite magnetite 
Fc304 + 3S2 3F'eS2 + 202 MPy (6) 
magnetite pyrite 
Fe203 + 2S2 2FeS2 + 1.502 HPy (7) 
hematite pyrite 
This system provides the basis upon which the importance of Ti oxide-, and silicate-bearing 
equilibria will be assessed. The stability of ferrosi lite relative to fayalite and quartz has been 
ignored; the position of the QFM buffer is ca lculated for comparative purposes not just where 
it is stable, but also at lower T where fayalite+quartz is metastable relative to ferrosilite. In 
Figure 6-4a, the topology of the Fe-0-S-Si system is shown at J bar, 427°C (700K) in f52 vs f0 2 
space. This T was chosen, as it was experienced by most of the New Caledonian rocks in this 
study. What is important to notice is geometry of the pyrrhotite, pyrite, magnetite, and 
hematite stability fields. The locations of these mineral fields do not change relative to one 
another with changes in P and T. They do undergo shifts toward higher f02 and fs2 with 
increasing P and T, as shown on isothermal polybaric (Figure 6-4b) and isobaric polythermal 
(Figure 6-4c) diagrams. It is evident from Figures 6-4b and c that equilibria are highly 
sens itive to changes in T and much less sensitive to changes in P. This can also be seen by 
considering the shift of the invariant points, that are the buffering reactions (listed in Table 
6-l b). The P-insensitivity of the Fe-Si-0-S system contrasts with the far more P-sensitive 
garnet-bearing equilibria (to be described in sections 6.2.2 and 6.3). 
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6.2.1 Magnetite in eclogite (review) 
In New Caledonia, magnetite is absent in high P rocks (cf. ltaya et al. 1985). Green and 
Ringwood (1967) define the eclogite stability field for mafic rocks as the facies in which 
garnet replaces plagioclase, as defined by some of the following equilibria (variations 
dependent on original bulk rock composition): 
Plagioclase disappearance: 
CaAl2Si20 s + MgzSb0 6 = CaMgSh06 + MgAl2Si0 6 + Si0 2 
anorthite enstatite diopside aluminous enstatite quartz 
CaAl2Si20 a + CaMgSi20 6 = 2CaMgAISi0 6 + 2Si0 2 
anorthite diopside Ca- tschermaks in clinopyroxene quartz 
Garnet growth: 
2MgFeSi206 
orthopyroxene 
+ CaA l2S i20 s 
anorthite 
= Fe2MgAl2Si30 12 + CaMgSii06 + Si0 2 
MgFeSi206 + 
orthopyroxene 
3CaAbSi20 s 
anorthite 
almandine-pyrope clinopyroxene quartz 
CaAlaSi20a = CaMgFeAl2Sb012 + 
anorthite grossu lar-a lmand i ne-pyrope 
"" Ca3A'2Sh012 + 
grossular 
2AlaS iOs + Si0 2 
kyanite quartz 
Si02 
quartz 
(a) 
(b) 
(c) 
(d) 
(e) 
The breakdown of aluminous pyroxenes would also contribute to garnet growth (see Green and 
Ringwood 1967). 
Omphacite growth (New Caledonia): 
NaAISi30 s + CaMgSi206 = 2(NaCa)(MgAl)Si206 + Si0 2 (f) 
al bite diopside omphacite qua.rtz 
All of these reactions consume plagioclase as well as orthopyroxene to produce garnet and/or 
clinopyroxene. 
This disappearance of plagioclase is also related to the absence of magnetite in blueschist-
eclogite terranes. In New Caledonia, though magnetite is never present, plagioclase often is -
the implication being that magnetite is completely consumed during plagioclase breakdown to 
produce clinopyroxene and garnet. Green and Ringwood (1967) proposed a series of reactions 
to explain the disappearance of magnetite such as: 
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2NaAISiJOs + Fe304 + CaMgSi206 = 2NaF'eSi206 + CaMgFeAl:zSi.;012 + Si02 (g) 
albite magnetite diopside acmite garnet quartz 
al bite+ magnetite + diopside =pyroxene with acmite + tschermaks silicate solid (h) 
solution + quartz 
Church's (1964) study of natural assemblages for plagioclase-garnet-clinopyroxene 
metagabbro from Donegal (Eire), correlates an increase in garnet occurrence with decreasing 
plagioclase and magnetite, similar to reaction (g). 
Irrespective of tectonic setting, if plagioclase-bearing rocks are buried deeply enough, garnet 
will be formed. In this study, the lack of magnetite is a consequence of its scarcity relative to 
plagioclase: at P-T conditions of blueschist and eclogite facies metamorphism, magnetite will 
be completely consumed to form garnet. 
6.2.2 Comparison of the OA')'gen buffering equilibria: FMQ, HM, AMQG, and AHQG 
(this study) 
The types of reactions proposed by Green and Ringwood (l 967) do not involve f0 2. Instead. 
the Fe3+ in magnetite transfers into acmite (NaFe3+Si20 6) . These reactions, involving 
magnetite and plagioclase, can be written as redox equilibria, proposed below. The next step 
is to compare anorthite-garnct, oxygen-buffering equ il ibria to the widely applied magnetite-
bearing oxygen buffers FMQ and HM. Given the possibility that magnetite and plagioclase 
are consumed to produce garnet, FMQ and HM are contrasted with a simple fo2-se11sitive 
garnet forming reaction (Table 6-2): 
3CaAl2Si20s + 2Fe304 + 3Si02 = 3CaFe2Al2Si3012 + 02 AMQG (11 ) 
anorthite magnetite quartz garnet 
At high f02 reaction (I I) becomes hematite-bearing as opposed to magnetite-bearing: 
CaAl2SiiOs + Fei03 + Si02 = CaF~A l2S i 3012 + 0.502 AHQG (12) 
anorthite hematite quartz garnet 
In Figure 6-5, the traditional FMQ ( 1) and Ml J (2) equilibria are plotted with the new 
equilibria AMQO (I I) and AHQG (12) on f02 vs T diagrams at 0.5, 1.0, 1.5, and 1.9 GPa, the 
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Figure 6-5: log fo2 vs T plots of reactions (1 ), (2), (11 ), and (12) at 0.5, 1.0, 1.5, and 1.9 GPa. New 
Caledonian mineral zones are labelled according to Carson et al. (1999) and Fitzherbert et al. 
(2003). Shaded area corresponds to magnetite stability between FMQ (1 )'and MH (2). Dashed 
lines are metastable reactions, and solid lines are stable reactions. This shows that at low P, 
feldspar and Fe oxides are stable, but are replaced at higher P by garnet. 
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last three pressures consistent with New Caledonian HP metamorphism (Clarke et al. 1997, 
Carson et a I. 1999, and Fitzherbert et al. 2003 ). The shaded area corresponds to the stability 
field of magnetite as defined by FMQ ( 1) and MH (2). 
FMQ (1) and MH (2) are less sensitive to changes in P than are AMQG (11) and AHQG (12). 
For instance, from 0.5-1.9 GPa AMQG shifts by - 15 log units toward higher f02, while FMQ 
shifts toward higher f02 by less than 3 log units. Over the same P interval, AHQG shifts by 
- 10 log units toward higher f02 and MH remains almost constant with changes in P. The 
relative shift between FMQ and MH shows the stability lield for magnetite between these two 
equilibria narrowing with increasing P. 
At 0.5 GPa, still below the minimum P for blueschist facies metamorphism, AMQG (1 1) 
passes through the FMQ-MH defined stability range for magnetite at 400°C and below. 0.5 
GPa is well below conditions of garnet formation in New Caledonia; garnet does not appear 
until the higher P portion of the lawsonite zone. Within the lawsonite mineral zone at 1.0 GPa 
(and 400°C, Fitzherbert et al. 2003), AMQG (11) has shifted toward higher f02 relative to the 
FMQ-MH magnetite field, crossing out of the magnetite stability field at 400°C and 
temperatures below. Figure 6-5 at 1.5 GPa (omphacite mineral zone, Fitzherbert et al. 2003) 
illustrates that with further increase in pressure, AMQG (11) has again shifted toward higher 
f02 conditions relative to the chosen magnetite stability field, and lies above MH (2). At peak 
metamorphic conditions of 1.90Pa (hornblende zone, Carson et al. 1999), AMQG has aga in 
shifted toward higher f02• The only point at which AMQG coincides with the FMQ-MH 
magnetite stability field, that is close to conditions of New Caledonian blucschist 
metamorphism occurs at 1.00Pa, -400°C, where AMQG almost overlies FMQ. With 
increasing P, AHQG (12) moves toward higher T and f02. 
These calculations show that at blueschist-eclogite facies conditions, above l .0 GPa, anorthite 
and magnetite are unstable and react to form garnet (by reactions such as AMQG (11)). This 
183 
Chapter 6: S111jidc-s·i/icn/e-oxide phase cq11ilibria i11 s11bd11ctio11 zones 
will be discussed further in section 6.3, while considering the additional variable of f52. It is 
necessary to describe other redox equilibria for subduction z:ones, as the FMQ and HM buffers 
are no longer relevant at slab conditions. There are other oxide-bearing equilibria to consider, 
such as those that involve ilmenite and rutile. These are discussed in section 6.4. 
6.3 Sulfide-silicate-oxide phase equilibria: garnet formation 
Just as magnetite reacts with fe ldspar to form garnet, similar reactions can also be proposed 
involving sulfides. Many reactions can be proposed where silicate minerals react with sulfide 
minerals or S-bearing fl uid to produce garnet. For example I have proposed (Table 6-2): 
CaA)iSbOs + 2FeS2 + Si02 + 0 2 = CaFe2A'2Si3012 + 2S2 APyQG ( 13) 
anorthitc pyrite quartz garnet 
CaAhShOs + 2FeS + Si02 + 02 = CaFeiA'2Si3012 + S2 APoQO (14) 
anorthite pyrrhotite quartz garnet 
4CaAliSiiOs+ 2Fe304 + 2FeS + 4Si02 = 4CaFe,iAl2Si3012 + S2 AMQPoG ( 15) 
anorthite magnetite pyrrhotite quartz garnet 
4CaA)iSi20 8 + 2Fe304 + 2PeS2 + 4Si02 = 4CaF~AbSb012 + 282 AMQPyO ( 16) 
anorthite magnetite pyrite quartz garnet 
2CaAl2Si20s + fe304 + 2FeS + 2Si02 = 2CaFe2Al2Si3012 + F'eS2 AMQPoGPy (17) 
anorthite magnetite pyrrhotite quartz garnet pyrite 
Textural evidence for these types of reactions can be found in a sample of Sri Lankan 
charnockite (sample H89090302A), loaned from Professors Y. l-liroi and D.J. Ellis for 
descriptive purposes. The bulk of this sample is orthopyroxene-plagioclase-quartz. Figure 6-
6 shows garnet growth restricted along and around a pyrite vein. Garnets form large 
aggregates only in the area that immediately surrounds the pyrite vein. This is evidence that S-
bearing fluid influx caused garnet growth by a reaction such as: 
2Fe2Si206 + CaAhSbOs+ 2S2 = CaF'~Al2SiJ012 + 3Si02 + 2FeS2 + 0 2 (23) 
ferrosil ite anorthite garnet quartz pyrite 
This shows that other than magnetite, pyroxene can also react with S to produce garnet. 
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0 
5 mm 
Figure 6-6: Sri Lankan charnockite (sample H89090302A). A: Hand sample of a pyrite+garnet 
vein cutting opx-qtz-pl charnockite. B: Thin section PPL image of the upper portion of the vein 
in A. 
The principles being illustrated are: 
1) Various sulfide-silicate reactions can occur with increasing P; and 
2) While Fe behaves as a chalcophile element in sulfide, it is also a lithophile element 
within garnet at conditions suitable for garnet growth. 
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A fundamental implication of this is that Fe sequestration by garnet results in chalcophile 
element concentration (e.g. Cu) within remaining sulfide. 
6.3.1 Ca-Al-Si-0-Fe-S phase relations 
The simple thermodynamics of garnet-formation through consumption of Fe sulfides is 
examined with proposed f52-f02 equilibria in the Ca-Al-Si-0-Fe·S system using reactions (11 ) 
to ( 14) in Table 6-2. The locations of these equi libria are restricted by the geometry of the 
simple Fc-0-S system (Figure 6-4). 
The locations of the garnet-bearing reactions referred to, are for this study, plotted 
schematical ly in fs2 vs fo2 space in Figures 6-7 and 6-8. In Figure 6-8, reactions are plotted on 
isobaric-isothermal plots to more easily distinguish relationships. The reasons for which these 
reactions are not quantified here involve the nature of the thermodynamic caJculations 
required, and wi ll be elaborated below. 
In Figures 6-7a and 6-8, garnet-bearing equilibria arc plotted schematically in log f52 vs log f02 
space with FMQ (I), MH (2), PoPy (3), PoM (5), and HPy (7) from Table 6-l. The plot is 
isothermal at 527°C (800 K) with each reaction plotted at 1 bar, 0.5 GPa, 0.1 GPa, 1.5 GPa, 
and 2.0 GPa. Specified P (except for I bar) were chosen to correspond approximately with 
conditions of the lawsonite, epidote/omphacite, and hornblende mineral zones in New 
Caledonia as determined by Fitzherbert et al. (2003) and Carson et al. (1999). 
In general, all equilibria shift toward higher fs2 or fen with increasing P (Table 6-4). The 
locations of reactions APyQG ( 13) and APoQG ( 14) can be estimated because the equilibria in 
the simpler subsystem (Fe-0-S) controls the stability of those in the more complex (Ca-Al-Si-
Fe-0-S). Also, sulfur-independent reactions AMQG (1 1) and AHQG (12) have been 
calculated as shown in Figure 6-5, and so can be plotted at constant f02 for all values of f52 on 
Figures 6-7a. For the fs2-fo2 dependent reactions (13) and (14), the slope of the line is known 
from the reaction stoichiometry. 6V5 of garnet-bearing equilibria always indicate that with 
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increasing P, garnet formation is favoured over anorthite-sulfide-oxide formation. The larger 
.::iVs for garnet-bearing equili bria indicate that reactions (11) through (14) will be more 
sensitive to P shifts than Fe-0-S equilibria (Table 6- 1 and 6-2). Similarly, we can expect that 
with increasing P, APyQG (13) and APoQG (14) will shift toward higher t:ci2-f0 2 conditions. 
The reliance of garnet-bearing equilibria on the Pe-0 -S system means that reaction (14) 
APoQG must intersect with ( I l) AMQG along PoM (5). Also, APoQG (14) must intersect 
with APyQG (13) at PoPy (3) and APyQG (13) must intersect with AHQG (12) at PyH (7) . . 
As in Figure 6-5, AMQG (11 ) and AHQG (12) are the most sensitive reaction to changes in P, 
with AMQG ( 11) shi ft ing by - 20 log units of t()2 from I bar to 2.0 GPa, while FMQ shifts by 
- 3 log units f0 2. MH (2) is nearly insensitive to changes in P. Reaction AV values listed in 
Tables 6-1 and 6-2 indicate that all garnet-forming reactions (Table 6-2) are favoured with 
increasing P. 
Reactions ( 11 ) to (14) are metastable at most conditions illustrated in Figure 6-7a, except for P 
of 1.0 GPa. This is due to the stability of anorthite and garnet in P-T space as shown in Figure 
6-7b. At 527°C, 1.0 OPa, garnet and anorthite are stable together as shown by other studies. 
The "garnet in' ' curve is taken from Schmidt and Poli (1998) and the stability of anorthite is 
bound by its breakdown to grossular + kyanite + quartz at high P (Koziol and Newton 1986, in 
Newton 1987). These constraints make the proposed garnet-anorthite-sulfide equilibria 
metastable at other P. This result would not change by varying T, at least within the range of T 
conditions for New Caledonian metamorphism. 
The most important feature shown in Figures 6-7 and 6-8 is the expanding stability field of 
garnet with increasing P, and the corresponding decrease in anorthite stability. With any P 
increase, garnet will form preferentially over anorthite ± magnetite± sulfide 
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Explanation for schematic nature of Figures 6-7 and 6-8 
In order to quantify precisely the fs2-f 0~ location of reactions (11 ), ( 12), ( 13), and ( 14), 
consideration must be given to the facts that: 
I) pyrrhotite varies in composition as a function of f52• and 
2) garnet solid solution involves significant non-ideality, rendering individual f02-fs2 
values variable with the choice of solid solution model, and only applicable to 
specific bulk compositions. 
There are such significant differences in excess enthalpies of mixing (or activity-composition 
relationships) for garnet solid-solution (see Table 6-5) that these affect the thermodynamics of 
combined sulfide-silicate-oxide equilibria. As an example of the problems associated with 
these calculations, Table 6-6 shows many of the variation in Margules parameters (W 0 ) given 
in the literature for garnet solid solution. W0 is the interaction parameter, necessary to 
evaluate activity-composition relationships for mineral solid solutions. 
This is not a problem with respect to garnet-bearing equi libria based on internally consistent 
silicate datasets. However, I believe that future experimental and thermodynamic study of HP 
silicate-sulfide equilibria is a matter of high priority. In particular, studies similar to New 
Caledonian rocks but at UHP conditions will provide essential constraints on phase equilibria 
for sulfides. 
Table 6-6: Garnet and plagioclase Margules parameters (Wa) 
Mineral Solid solution W0 Value (J) Reference (as referred to In source reference) 
garnet 
(CaFe2Al2Sl3012) X Gt 11581.5 Berman and Aranovich 1996 Cuf~ 
garnet Gt x ('al'r 2619 Ganguly et al. 1996 
(it 
X caF• -18113 Mukhopadhyay et al. 1997 garnet 
garnet Ot X caF• -1304 
Average of the above. Use (and this value) 
suggested by Holdaway 2000 
plagloclase XA" NaCa 14000 Benisek et al. 2003 
Sulfidation reactions 
Reactions ( 15) and (16) in Table 6-2 are S-dependent garnet-forming reactions that have not 
yet been discussed: 
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4CaA12Sb08+ 2Fe3Q4 + 2FeS + 4Si02 = 
anorthite magnetite pyrrhotite quartz 
4CaFe2A'2Si3012+S2 
garnet 
4CaA'2Si20 s + 2Fe304 + 2FeS2 + 4Si02 "" 4CaFeA(zSb012+2S2 
anorthite magnetite pyrite quartz garnet 
AMQPoG (15) 
AMQPyG (16) 
The stability of these equilibria is dependent on their location relative to PoPy (3), and so, they 
are plotted together with PoPy (3) on Figure 6-9 at selected P on log fs2 vs T diagrams. At 0.1 
GPa, both reactions lie below PoPy (3) in the pyrrhotite stability field; AMQPyG (16) is 
metastable. Increasing P to 0.5 GPa, both reactions intersect PoPy (3) at a point in the T range 
considered. This results in AMQPyG ( 16) being stable below -270°C, and AMQPoG (15) 
stable above -270°C. The trend continues with increasing P - the stability of AMQPyG ( I 6) 
extends to higher T while the stability range of AMQPoG ( 16) correspondingly decreases. At 
1.5 GPa, AMQPyG is stable to - 750°C (the thermal stability limit for pyrite, Kullerud and 
Yoder 1959), and AMQPoG (15) is metastable. 
However, in fs2 vs f02 space these reactions are either metastable, or simply corresponds to an 
invariant point. In Figure 6-7a, at high P and 527°C, AMQPyG (16) is a point that 
corresponds lo the maximum fs2 and f 02 for garnet formation shown for this diagram. 
Fluid-independent equilibrium 
The intersection between the fs2-dependent equilibria (l 5) and ( 16) is the solid-solid reaction 
( 17), labelled in rigure 6-9. The relationship is: 
[reaction (16) - 2 x reaction ( 15)] = [reaction ( 17)] 
Which rearranged yields: 
2CaAliSbOs+ Fe3Q4 + 2FeS + 2Si02 = 2CaFe2AbSb012+ FeS2 AMQPoGPy (17) 
anorthite magnetite pyrrhotite quartz garnet pyrite 
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and AMQPoG (15) will be stable. This relationship inverts with increasing P, as all equilibria shift toward higher f52. Reactions (15) and (16) intersect along PoPy (3), 
corresponding to an invariant point, which is also the fluid-independent reaction (17), plotted in Figure 6-6. Dashed lines are metastable. Calculated using Robie and 
Heminowav (1995) data. 
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As the above reaction is independent of a fluid phase, it has been plotted on Figure 6-10 as a 
function of P and T. The high P side of the reaction shows garnet and pyrite stable together at 
the expense of anorLhite, magnetite, quartz, and pyrrhotite. This reaction (17) will only be 
stable along parts of the curve - that is. it is related to fs2 conditions dictated by the intersection 
of reactions (15) and (16) in fc;2 vs T space (Figure 6-9). Table 6-7 shows the relationship 
between f52, P, T and the stability of reaction ( 17). 
Table 6-7: The stability of reaction (17) in Figure 6-10. Along the curve for this reaction, fs2 
is increasing with increasing P and T, as dictated by the intersection of reactions (15) and 
( 16) in Figure 6-5. 
log fs2 
-13 
-5 
0 
P (GPa) 
0.5 
1.0 
1.5 
T (°C) 
260 
500 
740 
The trajectory for New Caledonian subduction metamorphism and the limit of chalcopyrite 
stability are overlain for comparison {Figure 6-10). With prograde metamorphism, pyrrhotite 
reacts to form garnet. The retrograde, decompression P-T pathway crosses back into the 
anorthite + quartz+ magnetite + pyrrhotite field. Although this diagram shows that pyrrhotite 
reacts to form garnet with increasing P (and not pyrite), this is not the case for other simpler 
reactions such as (13) in Table 6-2. 
6.3.2 Alternative Ca-Al-Si-Fe-0-S equilibria 
ln the preceding sections, sulfide-plagioclase reactions in Table 6-2 were used to show that 
with crustal metamorphism, plagioclase-bearing rocks react with sulfide to form garnet. At 
higher P, plagioclase in these reactions may be replaced by compositionally similar lawsonite, 
zoisite, or grossular containing reactions. The behaviour of these reactions will be 
qualitatively similar, given the similar chemistry, and therefore it is not essential to model all 
of them. These minerals are mentioned here as high-P alternatives to the anorthite reactions in 
Table 6-2. 
In Figure 6-7b. anorth.ite stability is shown to be dependent on P. This is also true for hydrous 
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300 400 r·c soo 600 700 
Figure 6-10: Diagram showing the location of reaction 17 (AMQPoGPy) in P·T space. The PT 
path for the New Caledonian (after Clarke et al. 1997, Carson et al. 1999, and Fitzherbert et al. 
2003) ecloglte Is shown by the thick green line. During subduction metamorphism, the boundary 
is crossed twice - once during prograde and again during retrograde metamorphism. Chalcopyrlte 
(cp) breakdown to pyrrhotlte, pyrite, and bornlte (bn) shown for reference from Chapter 5, and cp-
lss transition from Barton (1973). Narrow dashed lines indicate garnet and clinopyroxene (cpx) 
stability, from Schmidt and Poli (1998). 
Reaction 17 is dependent on specific fluid conditions (fs2) as shown in Figure 6-5. Yellow circles 
along (17) indicate changing fs2 conditions as labelled. This relationship is defined by the 
intersection of AMQPoG (15) and AMQPyG (16) Is fs2 vs T space. Along the curve (17) plotted In 
this diagram, fs2 increases with increasing P and T. 
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conditions, where anorthite will react with vapour to produce kyanite, zoisite, and quartz at 
high P (Newton 1987). At high Tin the crust (vapour absent conditions) sulfide reactions to 
garnet are applicable (e.g. Sri Lankan charnockite in Figure 6-6). However, in wet subduction 
zones several other equivalent equilibria exist, many of which involve epidote. Spear ( 1993, 
pg 408) shows a reaction between epidote and quartz lo anorthite-garnet-magnctitc-vapour, 
which occurs at low P, at the amphibolite facies. At subduction depths, epidotc-consuming 
hydration-desulfidation reactions can be written (Chapter 4): 
Ca2AhFeJ+Si1012(0H) + 
epidotc 
Ca2FesSisOdOH)2 
actinolite 
+ 
7Fe~ 
pyrite 
+ 8Si02 + 0.5H20 + 3.2502 -
quartz 
Fe3Al2Si3012 
almandine 
Ana logous reactions with pyrrhotite can be written. 
(24) 
Another epidote-sulfide reaction can be written wherein epidote oxidizes pyrite, and reduced 
Fc2i is incorporated into almandine and chlorite: 
2Ca2AbFel+SbOl2(0H) + 
cpidotc 
FeS2 + 
pyrite 
5Mg3Ah$i3012 + 
pyrope (in garnet) 
2Ca2Al3Si3012(0H) 
zoisitc 
Fe3AhSi3012 + 3(MgsAl)AISb01o(OH)R + 3Si02 + 
garnet ch lorite quartz 
(25) 
While reaction (24) shows sulfide consumption with prograde metamorphism, it is plausible 
that reaction (25) would occur during retrogression in New Caledonia. Consumption of Mg-
rich garnet suggests that pyrite is oxidized during decrease in P. Hence, this reaction 
eliminates peak sulfide minerals on retrogression, providing a possible explanation for the lack 
of sulfide mineral inclusions found in the epidote zone. It is consistent with the formation of 
secondary garnet rims in eclogite during grecnschist-facies overprinting (e.g. sample J38, 
Figure 3- 11 E). Note that decompression rims on garnet are spessartine-rich. 
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This study contends that traditional f0 2 buffers involving magnetite are no longer applicable to 
eclogites (section 6.2). Magnetite-absent, garnet-forming, sulfide-plagioclase equilibria such 
as APoQG (13) can be written to evaluate fs2 and f02 (section 6.3). However, plagioclase is 
not stable at high P (Figure 6-7). The implication is that none of the plagioclase-bearing 
equilibria in Tables 6-1 and 6-2 can buffer f02-fs2 in subduction zones. The logical course of 
action is to choose equilibria with minerals that are stable in the subductcd slab. Although 
magnetite disappears with subduction, there arc two potentially common oxide phases that are 
stable in high-P metamorphic facies, and can participate in f02-f52 buffering reactions: rutile 
and ilmenite. 
6.4 Ilmenite and Rutile 
Ilmenite and rutile are stable Pe and Ti oxide phases in New Caledonia. Ilmenite is 
particularly prevalent within the epidote zone (Chapter 3), while rutile has been found across 
metamorphic grade although more common in the higher P mineral zones. 
6.4.1 Fe-0 -S-Si-Ti system 
The Ti-oxide and sulfide equilibria in Table 6-1 are plotted on isothermal polybaric t:52 vs f oz 
diagram in Figure 6-11 at 427°C (700K), with the Fe-0-S-Si system as reference (Figure 6-4). 
3FeTi0 3 + 0.502 = Fe3Q4 + 3Ti0 2 IMR (8) 
ilmenite magnetite rulile 
F'eTi0 3 + 0.5S2 r es + Ti0 2 + 0.502 IPoR (9) 
ilmenite pyrrhotite rutile 
FeTi0 3 + S2 = FeS2 + Ti0 2 + 0.502 IPyR (10) 
ilmenite pyrite rutile 
It is important to note that the Ti-bearing reactions are shown assuming 1hat rutile is present in 
excess. Otherwise, the reaction from ilmenite to rutile and pyrite will not occur and instead the 
magnetite-pyrite reaction will predominate. This is illustrated by the ternary inset in Figure 6-
I la. 
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Figure 6-11 : Fe-0-S-Si-Ti system. A: simple systems at 1 bar, 427°C. B: Isothermal 427°C polybaric 
diagram. 
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Figure 6-12 uses the same equilibria, plotted in fs2 vs fo2 space varying Tat constant P ofO. l 
GPa. Relative to garnet-bearing equilibria in Table 6-2, Ti-bearing equilibria are fairly 
insensitive to changes in P (Figure 6-11 ). Ti-bearing equilibria undergo a much greater shift 
toward higher f52 and f02 with increasing T, than increasing P. For instance, IMR (8) shifts by 
-3 log units of f02 for a corresponding P shift of2.0 GPa (Figure 6-1 la). However, for only a 
200°C T shift, the same equilibrium shifts by -8 log units off02. 
10 ~P• Fo-0-S n....,. l 21·c -- -21•c - --21•c --5 
0 
.B' 
·5 (3) 
-10 
-15 
-40 -35 -30 -25 -20 -15 -10 
log f0• 
Figure 6-12: Isobaric 1 GPa polythermal diagram of the Fe-0-S-Si-Ti system. 
Ti-bearing equilibria are similar to Fe-0-S equilibria. However, unlike magnetite, equilibria 
containing rutile, ilmenite, and sulfide are stable at and beyond maximum P conditions for 
New Caledonian subduction metamorphism. Likewise, rutile, ilmenite and sulfide arc present 
in blueschist and eclogite. As such. the equilibria in Table 6-1 which contain Ti-oxides (and 
lack magnetite) are appropriate buffers for eva luating fs2-f02 conditions in the subducting slab. 
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6.4.2 Textural evidence for Ti-oxide - sulfide reactions. 
Figure 6-1 3 shows pyrite and ilmenite within rutile, enclosed in garnet in mafic eclogite 
sample J38 from the hornblende zone (1.9 GPa, 600°C, Carson et al. I 999). This image shows 
anhedral ilmenite and pyrite inclusions in rutile, while the rutile is entirely enclosed by 
almandine. This documented coexistence of rutile-ilmenite-pyrite is evidence that equilibria 
such as IPyR (10) are val id for evaluating subduction zone fluid evolution. 
Figure 6-13: BSE images of sample J38 (hornblende zone eclogite). A: Rutile inclusion within 
garnet. B: Close up of A. Ilmenite and pyrite in rutile (in garnet). 
Other petrological evidence that sulfide-oxide mineral progressions such as IPoR (9) and IPyR 
(10) do occur is seen in the sample of Sri Lankan charnockite sample 04090101A (Figures 6-
14 and 6-15). There are at least lwo generations of sulfide occuring in this rock: primary 
pyrite as discrete euhedral crystals, and secondary vein pyrite. Figure 6-14 illustrates the 
primary charnockite mineralogy, which in general has not been subject to secondary alteration. 
Figure 6-15 shows the effect of $-bearing flu id influx upon oxide minerals. Jn Figure 6-14, 
large unaltered, euhedral ilmenite grains coexist with plagioclase, orthopyroxene, garnet, 
sulfide, and rutile. Decompression resulted in the formation of orthopyroxene-plagioclase 
symplectites around garnet (Figure 6-14E, D). Ilmenite is found both within garnet and within 
the symplectite. In reflected light, cxsolution lamellae are visible in ilmenite (Figures 6-14f, 6-
l Sb), which aids its identification. Primary 
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Figure 6-14: Sri Lankan charnockite sample 04090101A. A,C,E,F are PP transmitted light images. 
B,D,F,H are corresponding reflected light images. A,B,C,D: Euhedral ilmenite grains in garnet-
orthopyroxene-plagioclase charnockite. E: Garnet with orthopyroxene-plagioclase symplectite. Primary 
pyrite grain shown in D. F: Ilmenite and rutile in garnet, and ilmenite within the symplectite. Note 
exsolution lamellae in ilmenite. G, H: Primary pyrite, and secondary disseminated sulfide blebs. Sulfide 
is not in contact with pristine ilmenite. opx=orthopyroxene, cpx=clinopyroxene. 
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Figure 6-15: Sri Lankan charnockite sample 04090101A. A,C are PP transmitted light images. 8,0 are 
corresponding reflected light images. All illustrate ilmenite replacement by sulfide and rutile during S-
bearing fluid Influx along vein. Ilmenite that is not cut by sulfide vein remains pristine (8). 
tur=tourmallne, opx;;:orthopyroxene, cpx=clinopyroxene 
ilmenite grains arc generally not in contact with rutile or sulfide grains. Where $-bearing 
fluid, introduced along fractures, has come into contact with ilmenite, ilmenite has reacted to 
pyrite and rutile (Figure 6-15). Figures 6- l 5b and d show secondary rutilc and pyrite 
pseudomorphs after ilmenite. This occurs only where ilmenite is cut by a su lfide vein (Figure 
6-15), and is textural evidence for reaction (10), IPyR. 
6.5 Implications of sulfide-silicate-oxide equilibria 
The sulfide phase relations proposed with garnet cannot be related to classical fsrf0 2 phase 
diagrams involving FMQ (1 ). The preferred alternative is to use ilmenite, rutile, and sulfide-
bearing equilibria to characterize fluid fsi-f02 at blueschist and eclogite-forming PT conditions. 
The large range in stability for the Ti-oxide and sulfide minerals referred to means that these 
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equilibria can be widely applied to evaluating tlu id conditions in the crust and mantle, not just 
subduction zones. 
The lack of sulfide found as inclusions in garnet within most of the epidote zone is likely a 
consequence of epidote-sulfide reactions (24 and 25). All of these reactions are desu lfidation 
reactions which consume Fe in sulfide to produce silicates (garnet and actinolite). 
Additionally, in several of the samples assessed (Chapter 3, samples 23874, 23903, and 
23956), ilmenite is present. Epidote zone garnet formation may have occurred enlirely at fluid 
conditions inside the ilmenite stability field (between IPoR (9) and IMR (8)), where for the 
most part, sulfide minerals are not stable. 
Several equilibria in Table 6-2 show that Fe in pyrite or pyrrhotite react with silicate± oxide 
minerals to form garnet. This leads to the prediction that any chalcophile elements which 
remain chalcophile during subduction will be concentrated in remnant sulfide minerals. One 
of the most abundant such elements is Cu. Two observations on the behaviour of Cu support 
the prediction: 
I) the abundance of Cu-rich sulfide inclusions in garnet in the New Caledonian HP belt 
2) the evolution of sulfide assemblages, where chalcopyrite and pyrite :1: covellite 
predominate within the lawsonite zone, and bornite and pyrite± digenite predominate 
in the hornblende zone. 
At high P, chalcopyrite becomes unstable relative to mixed assemblages of pyrite, pyrrhotite 
and Cu-rich sullides, which overall, have higher S: (Cu+Fe) ratios. 
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Discussion and Conclusions 
7.1 Comments on geoeral predictions 
Two predictions concerning subduction zone S-cycling made in Chapter 1 contend that: 
I) sulfide minerals would be the dominant form ofS found in blueschist and eclogite; 
2) that sediments in exhumed slab fragments would be depleted in sulfide minerals 
when compared with basaltic slab components. 
This second statement was made on the basis of S-isotopic studies of arc magmas, which 
indicate a significant portion of the S input in arcs come from recycled sediments (Alt et al. 
1993). While prediction (I) is supported by the data presented in Chapter 4. prediction (2) 
does not hold true for New Caledonia. The Diahot terrane is predominantly sedimentary in 
origin, and certain horizons, notably along the southern side of the Pam Peninsula, contain 
abundant sulfide minerals - matrix and inclusion. On the southern Pam Peninsula, sulfide 
inclusions were equally abundant within metasedimentary and n1etabasalt lithologies. Another 
general observation is that some horizons contain sulfide while others do not, irrespective of 
rock type. This is likely to be a combination of several factors including pre-subduction 
protolith composition, original sulfide distribution, and proxjmity to faults or other pathways 
for fluid flow (such as transitional areas near isograds) that could variably leach or deposit 
sulfide throughout metamorphism. 
Prevalence of Cu in sulfide - where is the Ni? 
In Chapter 6, it was shown that sulfide (and low-P silicates and oxides) can react to form 
garnet during prograde metamorphism, where Fe from sulfide is incorporated into garnet. This 
mechanism for garnet formation is not restricted to subduction metamorphism (e.g., garnet 
vein formation in charnockite). With reaction of sulfide to garnet, it is expected that 
chalcophile elements will be concentrated in the sulfide. In New Caledonia, remaining sulfide 
is progressively enriched in Cu with increasing metamorphism. What is notable is that Cu is 
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the only predominant, concentrated, chalcophile element. With the rare exception of a few 
wt% Ni in pyrrhotite and traces of Co, Cu is the only chalcophile element (other than Fe) in 
sulfide that has not reacted to garnet. This contrasts with studies of sulfide inclusions in 
eclogitic mantle xenoliths, where Ni-sulfides are a significant part of the inclusion suite. For 
example, Zajacz and Szabo (2003) found that in addition to Cu-bearing phases such as iss, 
primary sulfide minerals in mantle eclogite xenoliths comprise monosulfide solution (mss) and 
pentlandite, in which phases Ni is a major element. 
Nickel is an important component of oceanic lithosphere. Bulk rock analyses of ocean floor 
basalts average - 300 ppm Ni (Frey et al. 1974; Langmuir et al. 1977). Most of the Ni 
partitions into olivine, that has 1000-3000 ppm Ni (Nabelek 1980), though Ni can also be 
incorporated into pyroxene. Cu constitutes up to - 100 ppm (in several SW Pacific mid ocean 
ridge basa lts, Sun 2003), most of which is accounted for in sul fide (though it can partition into 
spine!, Stanton 1994). With changes in mineralogy associated with subduction, Ni remains 
lithophile. Instead of forming a sulfide phase, as seen with mantle xenolith studies, Ni remains 
in silicates, most likely within pyroxene, to subduction depths of -60km (peak metamorphism 
in New Caledonia). 
The difference in sulfide mineralogy between New Caledonian eclogite and mantle eclogite is 
unsurprising for another reason: temperature. Generally, mantle cc logite xenoliths 
experienced much higher T, at - I 100°C (Zajacz and Szabo 2003). At these conditions, sullide 
inclusions would melt. This is not the case in New Caledonia, where the maximum T of 
metamorphism is 600°C (Carson et al. 1999), below temperatures for melt formation, which in 
the Cu-Fe-S ternary system occurs above 700°C (Kullerud 1966). 
In another study, Kawakami et al. (2006) found Ni-bearing pyrrhotite inclusions to 
characterize UHT (1000°C) regionally metamorphosed felsic and maftc gneisses. This is 
another example of how differences in tectonic setting are reflected by differing bulk chemical 
sulfide compositions. 
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Retrograde chalcopyrite 
Theoretical calculations of Cu-Fe-S phase relations show that chalcopyrite breaks down to 
pyrrhotite. pyrite, and bornite above - 1.1 - I .50Pa. Therefore, all chalcopyrite in the New 
Caledonian omphacite and hornblende zones (and possibly the cpidote zone) is retrograde. 
Although chalcopyrite-rich mineral deposits such as those at Balade Mine are hosted along 
Cretaceous sedimentary horizons within the HP Diahot terrane, Balade does not preserve a 
prograde history of subduction metamorphism. The deposit might indicate that subsequent to 
peak metamorphism, S (as soluble sulfate) - bearing fluids present in the slab (perhaps 
trapped) experienced reducing conditions, which caused sulfide formation. For example: 
(1) SO/ (OmdJ + Fe2+ rn11id> = FeS ts11tndcl + 202 ( OmdJ 
or 
(2) S03 (Ouid) + FeO (fluid)= FeS (s11tnde1 + 202 (fluid) 
This is the opposite redox mechanism for convergent margin Cu-Au ore deposit formation as 
proposed by Mun gall (2002, Chapter I, section l .1 ). Sulfide format ion by reactions ( 1) or (2) 
would result in the sequestration of chalcophile clements. With a view to explaining the 
Balade deposit, it is suggested here that retrogressive tluid reduction resulted in Cu-Fe sulfide 
deposition along the Cretaceous horizon where the Balade deposit is located. These particular 
sedimentary Cretaceous horizons may have been a channel for fluid flow alongside the Balade 
deposit. The presence of a chloritoid-bearing alteration zone (Chapter 3). which is spatially 
related to late faulting as described by Rawling and Lister (2002). supports this hypothesis. If 
the Ba lade deposit is an example of redox-mediated sulfide deposition, related to late faulting, 
there are two possibilities from the literature for PT conditions consistent with retrogression. 
Carson et al. (2000) state that garnet glaucophanite formed during fluid-mediated 
decompression from - I .6 GPa. However, chalcopyrite would not form at this P. IL is more 
likely that Balade chalcopyrite formed during the greenschist facies event at 0.9 GPa, 5 t 0°C, 
(Marmo et al. 2002). Although, the chalcopyrite deposit may not have formed at these 
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conditions either - the only constraint on formation is that it formed during retrogression, 
below 1 .5 GPa and 550°C (maximum T for chalcopyrite from Barton 1973). 
Large scale fluid migration from the slab to the arc via magmatism, although often advocated, 
is not supported by observations. As channelways for fluid escape are not easy to identify, it is 
likely that a significant portion of this fluid remains trapped in the slab (Scambelluri and 
Phillipot 2001). Retrograde sulfide formation in New Caledonia is probably linked to rcdox 
cond itions in a fluid that may have been trapped in the slab. Late extensional fau lting would 
establish an escape route for such flu ids and control the distribution of mineral deposits. 
Sulfide inclusions trapped within garnet and lawsonite arc microcosm examples of this 
entrapment, an idea that is supported by the absence of matrix sLJ lfide in highly retrograde 
barroisitic hornblende eclogite. 
7.2 Overall conclusions 
The major conclusions of this thesis concern the behaviour of S during regional metamorphism 
of New Caledonia, which has been constrained through su lfide-silicate-oxide pelrography and 
is supported by thermodynamic calculations. Other blueschist-eclogite terranes exhumed from 
30-60 km depth can be expected to be of similar character. The major conclusions of this 
thesis are summarized here. 
i. Sulfur in New Caledonian blueschist and eclogite primarily forms Cu-Fe and Fe 
sulfide. Barite is a very minor phase. 
ii. Distinct, prograde sulfide mineral zones correspond to silicate-defined changes in New 
Calcdonian PT conditions as assessed by Fitzherbert et al . (2003) and Carson et al. 
( 1999). Prograde sulfide mineral zones were determined using inclusion sulfides. The 
covellite zone corresponds to the lawsonite and epidote mineral zones, at conditions of 
0. 7- l.4 OPa, 350-500°C. At higher P and T covellite is no longer present. Although 
prograde pyrrhotite was not found in the lawsonite zone, pyrrhotite is found w ithin 
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anorthite and quartz throughout the epidote zone, and within garnet along the epidote-
omphacite zone boundary. Pyrrhotite is the dominant sulfide from 1.4-1.6 GPa, 550-
6000C, corresponding to the omphacite mineral zone. At higher PT conditions 
(hornblende zone) 1.7-1.9 GPa, 600-650°C, pyrite (+/- bornite) dominates prograde 
inclusion sulfide mineralogies. 
iii. With increasing metamorphic grade, Cu sulfide is more abundant, both as prograde 
inclusions in garnet, and in matrix assemblages. The most common sulfide in the least 
metamorphosed units (both sedimentary and basaltic) is pyrite, with chalcopyrite to a 
lesser degree (covellite at 0.7-1.0 GPa is a sporadic mineral that helps to characterize 
PT conditions - chalcopyrite is the most common Cu-F'e sulfide, and pyrite is the most 
common sulfide). Increased Cu in solid solution with pyrrhotite, in the absence of the 
intermediate solid solution or isocubanite, provides another example of this Cu 
enrichment with increasing P. This is further demonstrated by common 
bornite+digenite+pyrite assemblages as inclusions within garnet from the highest P 
units (P = - l.9 GPa, Carson et al. 1999). 
iv. Chalcopyrite is metastable above - 1.S GPa and 550°C. All omphacite and hornblende 
zone sulfide is retrograde (matrix and inclusion). The implications of this retrogression 
are discussed above. However, a high P monosulfide did exist and unmixed to form 
chalcopyrite during retrogression. 
v. Covellite and chalcopyrite do not stably co-exist. Their stability fields in (o;2 vs T 
space recede from one another with increasing P. 
vi. The lack of garnet-hosted sulfide inclusions within the epidotc zone might reflect 
specific fluid fs2 - f0 2 conditions that precluded sulfide stability with garnet formation 
at that time (Chapter 6). Alternatively, this feature can be explained by epidote-sulfide 
desulfidation reactions. 
vi i. Silicate-sulfide-oxide phase equi libria with anorthite and magnetite are metastable in 
the deeper portions of the crust, although at specific P-T conditions, such reactions 
define a stability field for garnet that expands with incteasing P. 
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viii. llmenite-rutilc-sulfide equi libria are stable at and beyond maximum P for New 
Caledonfan subduction metamorphism, and are therefore available to participate in for 
fs2 buffering reactions at high P (Chapter 6). 
ix. Cu enrichment in sulfide with HP metamorphism (conclusion iii) indicates that Fe is 
leached from sulfide as P increases, and incorporated into garnet as a lithophile 
element. This leaves Cu to be correspondingly concentrated in the remaining sulfide. 
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7.3.1 Experimental studies 
Chap/er 7: Discussion and Co11c/11sio11s 
The effect of high P on most sulfide phase equilibria has not been studied experimentally. 
Theoretical phase equil ibria in Chapters S and 6 are based on natural samples, and provide a 
good starting point for experimental work. Indeed, experiments are the next slep toward 
evaluating the theoretical results in this thesis. There are two clear areas where experimental 
studies can be carried out: 
1. Cu-Fe-S experiments to determine what replaces chalcopyrite at high P. Perhaps 
isocubanite is a predominant high P Cu-Fe sulfide. 
2. Garnet formation as a product of reactions between sulfide and other minerals. 
Determining experimentally the stability of the theoretical phase diagrams presented in 
Chapter 6. 
7.3.2 Trace element behaviour 
Trace element distribution is currently being studied in sulfide inclusions and matrix sulfide in 
metasedimentary and metabasalt across metamorphic grade in the New Caledonian samples of 
this thesis. 
7.3.3 S Isotopes 
The goal of S isotope geochemistry would be to try and determine the origin of S. Ideally, as 
with trace clement studies, isotopic studies would contrast data from prograde inclusions with 
corresponding matrix sulfide, from different lithologies, across metamorphic grade. This 
would also tic in with the traditional approach taken to S cycling, where isotopic studies of arc 
volcanics are used to trace the origin of S (e.g Alt et al. 1993). 
One problem with this type of study is the small size of sulfide inclusions. and the fact that 
several inclusions have already been ablated for the purposes of section 3.2. A possibility 
would be to do this kind of analysis on an ion probe with a very small spot size, such as a 
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SHRIMP (Sensitive High Resolution Ion Micro Probe) when set up to run with a 
multicollector for light isotopes. 
7.3.4 HP sulfide structure 
Raman microscopy of very small pyrite inclusions in garnet within sample J38 suggests that 
pyrite structure was unconventional. Although high P sulfide structure would be expected to 
invert upon decompression, this raised the possibility of high P sulfide pseudomorphs. This 
type of study would require the ability to analyze sulfide structure (by X-ray diffraction) in-
situ at high P. Such specia lized experimental equipment may be found at synchrotron research 
institutions. 
7.3.5 Regional metamorphic studies of prograde sulfide in other tenanes 
Sulfide and silicate phase relations in dismembered remnant of lawsonite blueschist and 
eclogite along the Port Macquarie coastline in New South Wales reached peak metamorphic 
conditions identical with New Caledonia, at 1.9 GPa (Och et al. 2003). These rocks can be 
interpreted in light of the New Caledonian suite: substantial reworking indicates that matrix 
sulfide is retrograde, chalcopyrite inclusions in lawsonite may be prograde (if found), but 
otherwise is always retrograde etc. 
It would be illuminating to have data from another subduction related metamorphic belt with 
which to compare the New Caledonian data set. For example, examining UHP sulfide 
metamorphism in Norweigan eclogite would reveal differences associated with subduction to 
- 3.5 GPa (Medaris and Carswell 1990). 
This style of study is not just useful for New Caledonian metamorphism, but can be applied to 
other terranes with different metamorphic conditions, s.a. charnockite, from Sri Lanka. 
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Appendix 1 
Representative silicate mineral analyses 
Table A1-1 
Lawsonite zone 
Meta-basalt Meta-sedimentary 
Sample J15a J15 J16b J16b J16b J1 6b 
Mineral lws ab act aim sps-core sps-rim phg chi 
Si02 39.38 68.81 53.67 38.19 37.75 38.32 45.22 25.68 
TI02 0.00 0.00 0.55 0.28 0.18 0.13 1.06 0.00 
Al203 31.48 19.50 2.82 20.44 20.44 21 .20 28.58 19.47 
Cr203 0.00 0.00 0.77 0.00 0.00 0.00 0.00 0.00 
FeO 0.00 0.00 5.89 30.42 14.85 24.79 2.45 37.73 
MnO 0.00 0.00 0.00 1.97 23.30 9.34 0.52 0.52 
MgO 0.00 0.00 16.87 1.99 0.26 0.43 1.82 9.15 
Cao 17.59 0.37 21.80 8.72 5.57 9.15 0.14 0.00 
Na20 0.00 11.77 0.20 0.00 0.00 0.00 0.30 0.12 
K20 0.00 0.00 0.00 0.00 0.00 0.00 8.97 0.00 
Total 88.45 100.45 102.57 102.01 102.35 103.36 89.06 92.67 
Num.O 8.00 8.00 23.00 12.00 12.00 12.00 22.00 28.00 
Si 2.06 2.99 7.57 3.01 3.01 3.00 6.46 5.47 
Ti o.oo 0,00 0,06 0.02 0,01 0,01 0.11 0.00 
Al 1.94 1.00 0.47 1.90 1.92 1.95 4.82 4.89 
Cr o.oo 0.00 0.09 0.00 0.00 0.00 0.00 0.00 
Fe 0.00 0.00 0.69 2.00 0.99 1.62 0.29 6.72 
Mn 0.00 0.00 0.00 0.13 1.57 0.62 0.06 0.09 
Mg 0.00 0.00 3.55 0.23 0.03 0,05 0.39 2.90 
Ca 0.98 0.02 3.29 0.74 0.48 0.77 0.02 0.00 
Na 0.00 0.99 0.05 0.00 0.00 0.00 0.08 0.05 
K 0.00 0.00 0.00 0.00 0.00 0.00 1.64 0.00 
Cation sum 4.98 5.00 15.77 8.03 8.02 8.02 13.88 20.12 
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Table A1-2 
Epldote zone 
Meta-basalt Meta-sedimentary 
Sample 73004a 23874 
Mineral gin czo ab chi aim phg ilni ab 
SI02 52.70 37.70 68.82 27.07 36.94 48.69 0.00 68.82 
Ti02 0.22 0.21 0.00 0.00 0.00 0.84 53.56 0.00 
Al203 9.15 22.08 20.18 19.10 20, 11 25.56 0.00 20.18 
Cr203 0.13 0.00 0.00 0.00 0.00 o.oo 0.00 o.oo 
FeO 9.76 13.84 1.88 17.43 28.05 5.52 40.43 1.88 
MnO 0.00 0.53 0.00 0.37 8.41 0.04 7.55 0.00 
MgO 14.54 0.00 0.74 21.46 0.22 1.88 0.00 0.74 
cao 7.77 22.46 0.42 0.00 6.94 0.00 0.00 0.42 
Na20 4.09 0.00 11 .90 0.00 0.00 0.31 0.00 11 .90 
K20 0.18 0.00 0.00 0.00 0.00 10.07 0.00 0.00 
Total 98.54 96.82 103.94 85.43 100.67 92.91 101.54 103.94 
Num.O 23.00 12.50 8.00 28.00 12.00 22.00 3.00 8.00 
Si 7.43 3.12 2.93 5.62 3.00 6.78 0.00 2.93 
n 0.02 0.01 0.00 0.00 0.00 0.09 1.00 0.00 
Al 1.52 2.16 1.01 4.68 1.93 4.20 0.00 1.01 
Cr 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 1.15 0.96 0.07 3.03 1.90 0.64 0.84 O.Q7 
Mn 0.00 0.04 0.00 0.07 0.58 0.00 0.16 0.00 
Mg 3.06 0.00 0.05 6.64 0.03 0.39 0.00 0.05 
Ca 1.17 1.99 0.02 0.00 0.60 0.00 0.00 0.02 
Na 1.12 0.00 0.98 0.00 0.00 0.08 0.00 0.98 
K 0.03 0.00 0.00 0.00 0.00 1.79 0.00 0.00 
Cation sum 15.53 8.28 5.06 20.04 8.04 13.97 2.00 5.06 
Al 2 
Table A 1 ~3 Omphacite zone 
Meta-basalt 9941 b 
Mineral 
Si02 
TI02 
Al203 
Cr203 
FeO 
MnO 
MgO 
cao 
Na20 
K20 
Total 
Num.O 
Si 
Tl 
Al 
Cr 
Fe 
Mn 
Mg 
Ca 
Na 
K 
Catlon sum 
om 
55.23 
0.00 
9.74 
0.00 
7.30 
0.00 
7.97 
14.51 
5.99 
0.00 
100.74 
6.00 
1.98 
0.00 
0.41 
0.00 
0.22 
0.00 
0.43 
0.56 
0.42 
0.00 
4.02 
Meta· sedimentary 9924a 
Mineral om 
Si02 56.30 
T102 0.00 
Al203 10.49 
Cr203 0.00 
FeO 6.28 
MnO 0.00 
MgO 7.01 
cao 13.08 
Na20 7.20 
K20 0.00 
Total 100.36 
Num. o 3.00 
~ 201 
Tl 0.00 
Al 0.44 
Cr 0.00 
Fe 0,19 
Mn 0.00 
Mg 0.37 
Ca 0.50 
Na 0.50 
K 0.00 
Cation sum 4.02 
gin 
56.48 
0.00 
11.00 
0.00 
9.60 
0.00 
10.05 
0.82 
6.98 
0.00 
94.93 
23.00 
7.97 
0.00 
1.83 
0.00 
1.13 
0.00 
2.11 
0.12 
1.91 
0.00 
15.07 
CZ 
39.20 
0.00 
31.30 
0.00 
2.16 
0.00 
0.00 
24.21 
0.00 
0.00 
96.87 
12.50 
3.03 
0.00 
2.66 
0.00 
0.14 
0.00 
0.00 
2.01 
0.00 
0.00 
8.04 
czo 
39.89 
0.00 
32.34 
0.00 
1.20 
0.13 
0.10 
24.93 
0.00 
0.00 
98.59 
12.50 
3.02 
0.00 
2.89 
0.00 
0.08 
0.01 
0.01 
2.02 
0.00 
0.00 
8.03 
alb 
69.46 
0.00 
20.54 
0.00 
1.27 
0.00 
0.00 
1.01 
11.64 
0.00 
103.92 
8.00 
2.95 
0.00 
1.03 
0.00 
0.05 
0.00 
0.00 
0.05 
0.96 
0.00 
5.02 
ab 
68.60 
0.00 
18.87 
0.00 
0.28 
0.00 
0.00 
0.00 
11.68 
0.00 
99.43 
8.00 
3.01 
0.00 
0.98 
0.00 
D.01 
0.00 
0.00 
0.00 
0.99 
0.00 
5.00 
pg 
45.78 
0.00 
36.67 
0.00 
0.35 
0.00 
0.19 
0.00 
6.92 
0.78 
90.69 
22.00 
6.13 
0.00 
5.79 
0.00 
0.04 
0.00 
0.04 
0.00 
1.80 
0.13 
13.94 
phg 
50.21 
0.53 
28.36 
0.24 
1.49 
0.04 
3.48 
0.10 
0.97 
9.63 
95.05 
22.00 
6.68 
0.05 
4.45 
0.03 
0.17 
0.00 
0.69 
0.01 
0.25 
1.64 
13.97 
phg 
50.38 
0.55 
28.32 
0.00 
1.75 
0.11 
3.30 
0.13 
0.89 
8.73 
94.16 
22.00 
6.73 
0.06 
4.46 
0.00 
0.20 
0.01 
0,66 
0.02 
0.23 
1.49 
13.85 
pg 
49.01 
0.00 
39.84 
0.00 
0.42 
0.11 
0.30 
0.22 
8.29 
0.76 
98.95 
22.00 
6.05 
0.00 
5.80 
0.00 
0.04 
0.01 
0.06 
0.03 
1.99 
0.12 
14.10 
aim 
38.26 
0.21 
21.37 
0.00 
28.66 
0.55 
1.47 
12.42 
0.00 
0.00 
102.94 
2.97 
0.01 
1.96 
0.00 
1.86 
0.04 
0.17 
1.03 
0.00 
0.00 
8.04 
aim 
38.16 
0.26 
21.16 
0.00 
27.85 
1.31 
2.19 
11.63 
0.00 
0.00 
102.56 
12.00 
2.97 
0.02 
1.94 
0.00 
1.81 
0.09 
0.25 
0.97 
0.00 
0.00 
8.05 
Appe11dfa· / 
aim 
37.83 
0.22 
20.40 
0.00 
25.66 
2.55 
1.84 
11.59 
0.00 
0.00 
100.09 
12.00 
3.01 
0.01 
1.91 
0.00 
1.71 
0.17 
0.22 
0.99 
0.00 
0.00 
8.02 
Al 3 
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Table A1-4 Hornblende zone 
Meta-basalt 72915 Meta-sediments J37a 
Mineral om gin hbl pg ab aim om gin czo 
Si02 57.63 56.58 52.70 46.87 69.56 38.63 57.30 58.87 39.47 
Tl02 0.00 0.21 0.22 0.00 0.00 0.00 0.14 0.00 0.00 
Al203 11 .11 10.11 9.15 38.79 19.75 20.88 8.20 11.30 30.55 
Cr203 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 5.15 5.01 9.76 0.63 0.63 28.77 9.62 12.16 2.48 
MnO 0.00 0.00 0.00 0.20 0.00 0.67 0.10 0.05 0.00 
MgO 8.37 8.72 14.54 0.18 0.00 2.76 8.15 9.96 0.00 
Cao 13.00 13.88 7.77 0.25 0.17 10.32 13.67 1.06 24.34 
Na20 7.70 7.03 4.09 7.55 12.60 0.00 6.85 7.42 0.00 
K20 0.00 0.00 0.18 0.65 0.00 0.00 0.00 0.00 0.00 
Total 102.96 101 .54 98.54 95.12 102.71 102.03 104.03 100.82 96.84 
Num.O 6.00 23.00 23.00 22.00 8.00 12.00 6.00 23.00 12.50 
SI 2.00 7.98 7.43 6.02 2.98 3.01 2.01 8.30 3.06 
Tl 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 
Al 0.45 1.68 1.52 5.87 1.00 1.92 0.34 1.88 2.79 
Cr 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.15 0.59 1.15 0.07 0.02 1.88 0.28 1.43 0.16 
Mn 0.00 0.00 0.00 0.02 0.00 0.04 0.00 0.01 0.00 
Mg 0.43 1.83 3.06 0.03 0.00 0.32 0.43 2.09 0.00 
Ca 0.48 2.10 1.17 0.03 0.01 0.86 0.51 0.16 2.02 
Na 0.52 1.92 1.12 1.88 1.05 0.00 0.47 2.03 0.00 
K 0.00 0.00 0.03 0.1 1 0.00 0.00 0.00 0.00 0.00 
Cation sum 4.03 16.13 15.53 14.04 5.05 8.03 4.05 15.91 8.04 
Meta-basalt J38 
Mineral aim hbl hbl hbl ilm aim chi 
Si02 37.59 57.78 52.84 54.99 0.00 38.38 30.24 
Ti02 0.17 0.00 0.24 0.16 54.80 0.16 0.00 
Al203 20.71 6.16 9.60 6.72 0.00 24.48 16.99 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 28.28 8.60 8.86 8.52 37.30 10.62 18.68 
MnO 1.59 0.09 0.19 0.10 6.62 0.42 0.26 
MgO 2.88 19.03 15.65 17.56 0.00 0.04 11.64 
Cao 9.57 10.16 7.83 9.17 0.00 22.90 0.79 
Na20 0.00 2.79 3.83 2.87 0.00 0.00 0.88 
K20 0.00 0.11 0.24 0.14 0.00 0.00 0.97 
Total 100.79 104.72 99.28 100.23 98.72 97.00 80.45 
Num.O 12.00 23.00 23.00 23.00 3.00 12.00 28,00 
Si 2.98 8.15 7.45 7.76 0.00 2.99 6.72 
Ti 0.01 0.00 0.03 0.02 1.04 0.01 0.00 
Al 1.93 1.02 1.60 1.12 0.00 2.25 4.45 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 1.87 1.01 1.05 1.01 0.78 0.69 3.47 
Mn 0.11 0.01 0.02 0.01 0.14 0.03 0.05 
Mg 0.34 4.00 3.29 3.69 0.00 0.00 3.85 
Ca 0.81 1.54 1.18 1.39 0.00 1.91 0.19 
Na 0.00 0.76 1.05 0.78 0.00 0.00 0.38 
K 0.00 0.02 0.04 0.03 0.00 0.00 0.27 
Cation sum 8.05 16.52 15.71 15.79 1.96 7.88 19.38 
Al 4 
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Appendix 2 
Analysis of sulfide minerals 
Appendix 2 
Matrix sulfide is easy to analyze because normaJly, grains have re-equilibrated to single 
homogenous phases (with respect to major elements). The disadvantage is that for the most 
part, matrix sulfide tells us nothing about prograde metamorphic sulfide evolution. Sulfide 
inclusions in silicate minera ls almost certainly record the effects of decompression and cooling 
in the form of exsolved phases. The unmixed phases make it necessary to conduct bulk area 
scans of inclusions to obtain the original high-pressure monosulfide composition. Even when 
sulfide inclusions are homogeneous, in several cases the grains are too small to analyze 
without contamination from surrounding silicates - the minimum spot size for a clean analysis 
is -3~tm. This appendix is about obtaining quality analyses of poly-mineralic inclusions in 
silicate hosts that are often themselves heterogeneous because of zoning, but also in terms of 
co-existing, adjacent, silicate and oxide inclusions which contaminate sulfide analyses. 
A2.2 Method 
Optical microscopy of thin sections in plain, polarized, and reflected light identified various 
sulfide phases. Most sulfide inclusions found are hosted in garnet. Several samples (excepting 
those from Sydney University - thin sections only) were selected for mineral separation. 
Coarse-gra ined, garnet-rich samples were coarsely crushed, and garnets were picked directly 
after cleaning in ethanol. Mineral separates of finer-grained, garnet-poor samples were 
separated by heavy liquids at RSES (the Research School of Earth Sciences). After crushing 
and washing, fine-grained samples were poured into MI (Methylene Iodide). The 'heavy' 
fractions upon mixing with Ml were then separated magnetically and by gravity into garnet-
rich mineral fractions (by Frantz separates). 
A2 
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Lawsonite from sample J 15a was separated from the ' light' fraction of MI, and then 
magnetically and by gravity by Frantz. This sample is unique, and though no inclusions were 
found in lawsonite in thin section, the abundance of lawsonite in the sample, the good 
condition of relatively large and euhedral crystals, led to the discovery of several inclusions 
over numerous grai11s mounts. Also in the case of lawsonite, the 'pure', least magnetic 
fract ions contained no sulfide inclusions. The 'dirtier', slightly more magnetic fractions, 
which also contained matrix sulfide (not found in thjn section) hosted lawsonite with sulfide 
inclusions. The lawsonite in these impure fractions was in equal ly good condition: euhedral 
crystals with few fractures. Garnet separates showed no such correlation. More impure, more 
magnetic fractions did not necessarily contain more sulfide inclusions - in fact, garnets were in 
noticeably poorer condition in ' impure' fractions. The best approach with respect to localing 
sulfide within garnet was to make numerous grain mounts. Garnet and lawsonite from mineral 
separates were mounted in epoxy and polished down to expose grain edges, and then centres. 
Major element analyses of all minerals were collected using an energy~dispersive spectrometer 
(EDS) equipped JEOL 6400 scanning electron microscope (SEM) housed at the Electron 
Microscopy Unit, Research School of Biological Sciences, ANU. An accelerating voltage of 
I 5kV, a beam current of l nA, and a counting time of I 00 seconds was used for each analysis. 
Raman spectroscopy to help with initial identification of very small inclusions was done at 
Geoscience Austra lia using the Microdil-28®, with a spectral bandpass of 3.8cm·1• The 
excitation source was the 514.Snm line from a Spectra Physics 2020 argon ion laser, and 
scattered radiation was collected at 180° using an Olympus® l OOX objective. Laser power 
was between l and lOmW at the sample, as low laser power prevented the oxidation of the 
sulfide specimen. Each sample was freshly polished the morning before analysis. and was 
subsequently checked for laser damage al the completion of spectral acquisition. Acquired 
spectra typically resulted after 20 accumulations using a Ss integration time, though in some 
cases this was extended. The application of this tool in this thesis was found to be limited, but 
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it did raise the probability of HP sulfide structural pseudomorphs - a topic that would best be 
explored in a thesis on this topic, using in-situ HP X-ray diffraction techniques (such as those 
at synchrotron research institutions). 
Qualitative elemental maps were done by the JEOL 6400 (EMU, RSBS, ANU) using an 
increased probe-current corresponding to a dead time of no more than 45%. Maps were 
collected for a minimum of 200 frames, or until maximum resolution was observed. 
With respect to area scans, EDS spectra were collected on whole exposed sulfide grain 
surfaces, taking corresponding point analyses of individual exsolved/unmixed phases where 
possible. In most cases, 3 analyses of progressively larger areas were performed for each area 
scan data point, along with an analysis of the host phase. In some cases, only 2 area scans 
were possible, but such cases were always used in combination with the adjacent silicate host 
analysis. Where possible, other adjacent inclusions were excluded from analyses, though this 
type of contamination was frequently unavoidable. 
A2.3 Treatment of area scan data 
A2.3.1 Overview 
Table A2-1 shows weight percent that was collected using the method described, with 
recalculated atomic proportion data. Weight% data are displayed in element form (as opposed 
to weight percent oxide form) because area scans are a mixture of sulfides, silicates, and 
sometimes oxides. Oxygen is not listed because reliable oxygen numbers could not be 
collected (pers. comm., Dr. Frank Brink, EMU). Silicate minerals of known stoichiometry 
(mainly garnet, but sometimes quartz and pyroxene) were analysed at intervals of at least 
every 3rd mixed analysis to ensure the reliability of collected area scan spectra and the stability 
of the probe current. Weight% element totals in Table A2- l will not add up to I 00%, because 
oxygen is not measured. If the first area scan is at the highest magnification (containing whole 
e..xposed sulfide surface and host), subsequent scans at lower magnification will contain 111ore 
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of the host silicate and/or oxide phase(s), therefore more oxygen, and the corresponding weight 
% of element totals wil l drop. In order to project back to the original sulfide phase, the data is 
normalized as atomic proportion of all elements. An example created to test this logic is 
presented in section A2.3. 
T bl A2 1 S I f d 9924 1 1 a e -
' 
ampe o area scan ata a- -s 
Spectrum Label 9924a-1-s1.1 9924a-1-s1 .2 9924a-1-s1.3 9924a-1-gt 1 
Weiaht% Area Scan 1 Area Scan 2 Area Scan 3 Sulfide host (aametl 
Si 13.39 15.05 16.20 18.41 
Al 8.04 8.98 9.50 10.94 
Ti 0.36 0.23 
- -
Mn . 0.24 0.36 0.50 
Mg 0.59 0.72 0.72 0.47 
Fe 29.66 26.86 24.83 21.21 
Ca 5.79 6.45 6.67 8.06 
Na - - - -
K . . . . 
s 10.76 7.28 5.43 . 
Co . . . . 
Ni 0.31 - - -
Cu - - - -
Total 68.90 65.81 63.71 59.60 
Atomic% Area Scan 1 Area Scan 2 Area Scan 3 Sulfide host (garnet) 
Si 26.15 30.17 33.05 39.24 
Al 16.35 18.74 20.17 24.27 
Ti 0.41 0.27 0.00 0.00 
Mn 0.00 0.25 0.38 0.54 
Mg 1.33 1.67 1.70 1.16 
Fe 29.13 27.08 25.47 22.73 
Ca 7.92 9.06 9.53 12.04 
Na 0.00 0.00 0.00 0.00 
K 0.00 0.00 0.00 0.00 
s 18.41 12.78 9.70 0.02 
Co 0.00 0.00 0.00 0.00 
Ni 0.29 0.00 o.oo 0.00 
Cu 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 
In general, two ' types' of data are presented: 
I. Simple data. Area scans include one sulfide inclusion (simple or multiphase) in a 
homogeneous mineral host, which in this study is usually almandine. A simple linear 
regression removes the effect of host phase, and projects back to the original sulfide 
composition. 
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2. Complicated data. Garnet frequently contains numerous inclusions adjacent to the sulfide 
inclusion of interest. Adjacent inclusions sometimes contaminate area scans. In most cases, 
simple algebra can resolve the sulfide composition if the contaminating mineral phase(s) is 
(are) not Fe-bearing. In the case of: 
i. One additional mineral phase (not Fe bearing), such as titanite (CaSiTiOs), 
a. A 11 Ti can be assigned to titanite 
b. All S, Cu and any other chalcophi le such as Co or Ni are assigned to 
sulfide. 
c. Data arc plotted. usually with atomic% Si vs all others (Al, Ti, Mn, Mg, 
Fe, Ca, S, Cu). If the data plot in a straight line, a linear regression of Ti to 
zero silica may be performed with area scan data effectively removing 
titanite from the ana lysis. 
d. In the resulting data set, we know that the remainjng Si, Al, Mn, Mg and 
Ca must be assigned to garnet. 
e. However, the remaining Fe must be divided between the sulfide and the 
garnet. This is determined by Fe,,,,k,,rmw Fe111 
Si ,..,na1111118 • Si 81 
Where S ; n;li1a11111ig is the amount of Si remaining in the Ti-regressed data set, 
Feg1 and Si111 are the amounts of those elements in the host garnet analysis, 
and Fe,,11Anow11 will give the amount of Fe proportional to the remaining Si, 
and wil l give a reasonably stoichiometric garnet analysis togther with the 
remaining Mg, Mn, Al, and Ca from the Ti-regressed data. 
f. The remaining Fe (from Fe,..,,1111;11;011-Fecunkuowntogii) is assigned to sulfide, and 
the sulfide composition can be calculated. 
An example of this type is shown in section A2.3.2. 
11 . More than one additional phase, not Fe-bearing. Examples are given in sections 
A2.3.2 and A2.3.3. 
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iii. More than one additional phase, Fe-bearing (commonly fou nd to be cl inozoisite or 
pyroxene) will result in an Fe-contaminated sulfide composition. The true 
composition lies along a line through the analysis and Fe on a ternary diagram. 
A2.3.2 Example: Test data 
To test whether the above method for treating area scans has merit with respect to calculating 
original sulfide composition, an example has been created to emulate the complex case (type ii 
above). Pure mineral endmembers are used as a starting point, in Table A2-2 with minerals 
used in the example- almandine, titanite, albite. and chalcopyrite. 
T bl A2 2 P rf d b d. h' a e - e ect en mem er minera compos1t1ons use int 1s examp e. 
Mineral WITHOUT OXYGEN 
formula Fe(2+}3Si3Al2012 CaTiSIOS NaAISi308 CuFeS2 Fe(2+)3Sl3Al201 ~ CaTISi05 NaAISi30E CuFeS2 
Weight Almandine Titanite Albite Chalcopyrite Almandine Titanite Albite Chalcopyrite 
% 
SI 16.93 14.33 32.13 - 16.93 14.33 32.13 -
Al 10.84 - 10.29 - 10.84 - 10.29 -
Ti - 24.42 . . - 24.42 . -
Fe 33.66 - - 30.43 33.66 - . 30.43 
Ca . 20.44 - - - 20.44 - . 
Na . . 8.77 . . . 8.77 . 
s . . . 34.94 . . . 34.94 
Cu . . . 34.63 . . . 34.63 
0 38.ST 40.81 48.81 . 
Total 100.00 100.00 100.00 100.00 61.43 59.19 51 .19 100.00 
Atomic Almandine Tltanlte Al bite Chalcopyrite Almandine Titanite Al bite Chalcopyrite 
% 
Si 15.00 12.50 23.08 0.00 37.50 33.33 60.00 0.00 
Al 10.00 0.00 7.69 0.00 25.00 0.00 20.00 0.00 
Ti 0.00 12.50 0.00 0.00 0.00 33.33 0.00 0.00 
Fe 15.00 0.00 0.00 25.00 37.50 0.00 0.00 25.00 
Ca 0.00 12.50 0.00 0.00 0.00 33.33 0.00 0.00 
Na 0.00 0.00 7.69 0.00 0.00 0.00 20.00 0.00 
s 0.00 0.00 0.00 50.00 0.00 0.00 0.00 50.00 
Cu 0.00 0.00 0.00 25.00 0.00 0.00 0.00 25.00 
0 60.00 82.50 81.54 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Oxygen-excluded data are used to be consistent with the real data, as collected by SEM. Table 
A2-3 shows the parameters used to invent plausible area scan data. with scan 1 corresponding 
to what in a true data set would be the highest magnification (smallest area). 
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Table A2-3: Mock area scan data in atomic% for scans in Figure 1. Element total column Is the mock SEM 
analysis, analogue for actual SEM area scan data. Endmember compositions are given in Table 2. 
Area Scan 1 Almandine Titanite Al bite Chalcopyrite Element total for scan 1 
% endmember mineral In scan 45% 3% 2% 50% -
SI 7.62 0.43 0.64 0.00 8.69 
Al 4.88 0.00 0.21 0.00 5.08 
Tl 0.00 0.73 0.00 0.00 0.73 
Fe 15.15 0.00 0.00 15.22 30.36 
Ca 0.00 0.61 0.00 0.00 0.61 
Na 0.00 0.00 0.18 0.00 0.18 
s 0.00 0.00 0.00 17.47 17.47 
Cu 0.00 0.00 0.00 17.31 17.31 
Total 27.64 1.78 1.02 50.00 80.44 
Area Scan 2 Almandlne Tltanite Al bite Chalcopyrlte Element total for scan 2 
% endmember mineral in scan 45% 10% 5% 40% 
-
Si 7.62 1.43 1.61 0.00 10.66 
Al 4.88 0.00 0.51 0.00 5.39 
Ti 0.00 2.44 0.00 0.00 2.44 
Fe 15.15 0.00 0.00 12.17 27.32 
Ca 0.00 2.04 0.00 0.00 2.04 
Na 0.00 0.00 0.44 0.00 0.44 
s 0.00 0.00 0.00 13.98 13.98 
Cu 0.00 0.00 0.00 13.85 13.85 
Total 27.64 5.92 2.56 40.00 76.12 
Area Scan 3 Almandine Titanite Al bite Chalcopyrtte Element total for scan 3 
% endmember mineral in scan 50% 20% 10% 20% . 
Si 8.47 2.87 3.21 0.00 14.54 
Al 5.42 0.00 1.03 0.00 6.45 
Ti 0.00 4.88 0.00 0.00 4.88 
Fe 16.83 0.00 0.00 6.09 22.92 
Ca 0.00 4.09 0.00 0.00 4.09 
Na 0.00 0.00 0.88 0.00 0.88 
s 0.00 0.00 0.00 6.99 6.99 
Cu 0.00 0.00 0.00 6.93 6.93 
Total 30.72 11 .84 5.12 20.00 67.67 
The % of the endmember minerals in an area scan listed in Table A2-3 add up to 100% along 
that row: in the case of scan I, in the area analyzed, 45% was almandine, 3% titanite, 2% 
al bite, and 50% of the area was the sulfide - in our exaruple, chalcopyrite. With subsequent 
scans, these numbers change; chalcopyrite progressively comprising less of the imaginary 
analyzed scan area. Figure A2-l illustrates the scan method in a simple graphic. 
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Figure A2-1 : Sketch of area scans corresponding to Table A2-3. 
scan 1: 45% aim 
3% ttn 
2% alb 
50% cp 
scan 2: 45% aim 
10% ttn 
5%alb 
40%cp 
scan 3: 50% aim 
20% ttn 
10% alb 
20% cp 
At this point, we have a situation approximating a series of actual analyses. Table A2-4 shows 
the data used to obtain the orig inal sulfide composition, plotted on Figure A2-2; this is the 
starting point when dealing with real numbers (section A2.3). The first step is to remove 
titanite, which is done by linear regression of titanium to zero, with remaining elements in the 
column labelled "titanite out" in Table A2-4. In order to accurately solve for the unknown 
sulfide, albite contamination must also be removed from the data set. This is done by ratio 
calculation, elaborated below Figure A2-2. 
Table A2-4: Mock area scan data 
Atomic% Area Scan 1 Area Scan 2 Area Scan 3 Titanite out Remaining elements assigned to 
Si 16.31 20.58 29.82 13. 76 To garnet and albite 
Al 9.93 10.84 13.77 9.08 To garnet and albite 
Ti 0.81 2.77 5.88 0.00 . 
Fe 28.66 26.54 23.63 29.38 To garnet and sulfide 
Ca 0.81 2.77 5.88 0.00 To garnet 
Na 0.40 1.03 2.20 0.09 To albite 
s 28.72 23.65 12.55 31.80 To sulfide 
Cu 14.36 11.82 6.28 15.90 To sulfide 
Total 100.00 100.00 100.00 100.00 
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Figure A2-2: Mock area scan data regression. 
Using Titanite-out data from Table A2-4 (illustrated above): 
1. Solve for proportion of Si from "titanite out" column that belongs in albite by ratio 
calculation: 
s· [ Sia1hlte 
1
1 Ni 
l calb!te,"1111- (Jllt") = /Vi 'I. a ("1111-01if") 
a n/bite J 
Where Sialb/to = 60 
NBatbite :: 20 
NB'ltn-0ut' = 0.09 
Si1B1b1ts, 'lln-ou1·1 = 0.27 
2. Solve for proportion of Si in '1itanite out" column that belongs in garnet by: 
Sl(gomet, 'ttn=out') = Si'!tn-Ouf' - Si(slblle, 'ffn-OutJ 
Therefore, the proportion of Si from "titanite out" to garnet = 13.48 
3. Second ratio calculation to solve for proportion of Fe in garnet from "tltanlte out" 
[
Fegnrnat 
1
1 . 
Fec8arnc1,"1111- 0 111") = s· LJ · S1c8aruc1 ,"1111- 0111") 1 garnet 
Where Sl(gsrnet, 'ttn·ovt) = 13.48 
Fe~met = 37.5 
Sigernet = 37 .5 
4. Solve for proportion of Fe in "titanite out" column that belongs in sulfide: 
Cu 
Fe 
s 
Total 
Fe1suin<111, itn.oo1J = Fe'ltn-out· • Fegamat 
FS(gllmel, '!In-out? = 13.48 
Therefore, Fe in sulfide= 15.90 
15.9 
15.9 
31.8 
63.59 
normalized 
... ~ 
25 
25 
50 
100 
35.00 
CuFeS2 
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Having established that original, uncontaminated sulfide compositions can be extrapolated 
using perfect mineral endmembers, the same logic is extended to deal with real sulfide 
inclusions analyzed in this study. 
A2.3.3 Area scan analyses of sulfide inclusions in HP silicate minerals, New Caledonia 
Minerals in natural rocks are usually not 'pure' endmembers. New Caledonian host garnets 
are always zoned, and sometimes the zon ing pattern is quite unusual. For instance, the 
development of a secondary Mn-rich rim is quite common. However, in most cases it has been 
possible to recalculate the original monosulfide composition of small, homogeneous, and 
heterogeneous inclusions in garnet. lawsonite, quartz, paragonite, and plagioclase. In Figure 
A2-3, are two examples where sulfide composition is easily extrapolated from the host 
mineral. Most analyses used in Chapter 4 are like this. 
More complicated sulfide analyses occur when area scans are contaminated by at least one 
additional silicate or oxide mineral phase in addition to the host (Figure A2-4). Area scan data 
points for a specific element might not be linear when plotted versus silica (Figure A2-4B). 
The simplest way to avoid non-linearity, is to make sure successive area scans do not 
incorporate a new phase that was not in the previous scan, and/or to try and always incorporate 
a larger area of the contaminant phase as in Pigure A2- I. 
In the case of lawsonite, analyses are sometimes contaminated by al bite (Figure A2-5). Albite 
can be projected out and lawsonite and sulfide composition calculated by ratio. However, 
because neither Jawsonite nor albite contain Fe, it is simple to calculate sulfide composition -
all sulfide elements are incompatible in lawsonite and al bite. 
The data for the examples in Figures A2-3 to A2-5 are presented in Appendix 3, corresponding 
data points are labelled in Figure captions. Recalculated area scan data (and point analyses) 
are attached for all analyses in Appendix 3. Raw data for area scan analyses are in Appendix 4 
(on CD). 
A2 JO 
Appendix 2 
A; Sample J38. Sulfide inclusion in rutile 
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B: Sample 9924a. Sulfide inclusion in garnet 
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Figure A2-3: Simple area scan data from samples J38 and 9924a. 
A: Sulfide inclusion in rutile, analysis J38-s7 (hornblende zone) 
B: Sulfide inclusion in garnet, analysis 9924a-S1 (omphacite zone) 
Analyses correspond to those in Appendix 3. 
• 
40 45 
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Figure A2-4: More complicated area scan data from samples J17 and J16c. 
A: Sample J1 ?area scan J17-5-s2 (appendix 3 label) hosted in garnet. Ti from titanite 
contamination projects out at over 20 at% Si. When Ti=O, remaining elements except for Fe are 
assigned to garnet. Fe in sulfide is calculated by ratio, using garnet composition of host. 
B: Sulfide inclusion in garnet, sample J16c. Titanite and some Fe-contamination (pyroxene?) 
contamination. S is the only element that is linearly decreasing with Increasing silica. Because the 
only other chalcophile element is Fe, it could be calculated by subtracting the S total at Si=O from 
100. However, this method has a tendency to always overestimate Fe content. This particular 
series of scans were not used. 
A2 12 
40 
35 
30 
j2 
~ 
·-. 
- ·- . 
-·- . 
-·- .. 
- ·- ·- . 
- ·- ·-. 
-·-. 
.. 
-·-
-·-. 
Na projected out 
(subtract albile) 
Ap e11dlx 2 
S--0 
... 
Scan 1 Scan 2 Seen 3 
-.. -. 
-·- ·o · -Q.. 
·"Q· - Al 
ii 25 ·· -. -.. 
~ 
'l/l. 20 
i 15 
10 ------
---
5 
---
... 
---
---
. ..... .s. 
··. 
a 
- - - - - _F!+~~ 
--
OL-~~~~~~~~~~~~~~~~......::;;..._~~~~~-"'---=--=----' 
0 10 20 30 
Alomlc% Si 
40 50 
Figure A2-5: Sample J15a, sulfide inclusion in lawsonite with albite contamination for area 
scan J15a-a6. Although scan data can be used to project out non-idea chalchophile phases. 
host lawsonite and albite will not contain Fe, Cu, or S. The result is chalcopyrite composition. 
A2.4 Data interpretation 
Even once carefully reduced, there are several possible meanings for a given bulk area scan 
composition: 
I. The first case is easily interpreted, and occurs when the result from a given series of 
area scans on an inclusion coincides with point data, corresponding to an unmixed 
phase (and a known sulfide mineral). This means that the area of the inclusion 
exposed is a primary high-pressure mineral with the following exception - it is 
possible that in considering the 3rd dimension, the mineral in fact represents only low 
T exsolution phase (illustrated in Figure A2-6). This exception is extremely rare for 
this study, though future studies may encounter this feature. 
2. In the second case, the area scan does not represent a mineral phase in the system. 
This is interpreted when area scan bulk compositions do not correspond to an 
equivalent point analysis, or a known sulfide mineral. This is because there is no 
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3 dimensional 
~
Cool 
Un mix 
HP monosulfide Unmixed sulfide - 3 phases: A, B, C 
Cross sections 1, 2, and 3 of unmixed sulfide 
11 = Xo1Yo3 
B =XZ 
C = Xo2YocZoc 
y 
Bulk area compostions of sections 
1, 2, and 3 
z 
Figure A2-6: I : Sketch of HP sulfide exsolution to minerals A, 8, and C upon decompression and cooling. II. Cross-
sections of 30 unmixed sulfide. Exposed area would be scanned during an analysis. III. Area scan result for cross-
sections 1, 2, and 3 plotted on a ternary diagram with apices X,Y, and Z. 1 is a mixture of A, 8, and C. 2 ls a mixture if A 
and 8. 3 is a mixture of A and C. 
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sulfide mineral of that composition: these area scan data do not define a bulk 
composition that corresponds to any know mono-sulfide mineral, but is instead co-
existing mineral phases. 
3. In the third case, the area scan composition represents a HP monosulfide phase, not 
previously discovered. This is thought to be unlikely, and would be hard to prove. 
The above must be taken into consideration when cons idering the meaning of the area scan 
data. A fictive example considering the 3r<1 dimension is illustrated in Figure A2-6. 
In order to address the 3-dimensional nature of sulfide unmixing, grain mounts were gently 
tapered in an effort to expose different surfaces of the same inclusion. This was extremely 
problematic owing to the small size of most inclusions and in most cases, sulfide inclusions 
were lost. However, new sulfide inclusions were exposed during the same process. Figure 
A2-7 shows two photos of a sulfide vein in garnet, before and after polishing. Subsequent to 
polishing, very small sulfide inclusions are uncovered, and the shape of the vein sulfide is 
different. The best way to address the 3rd dimension in terms of composition is to reveal and 
analyse as many sulfide grain surfaces as possible, if not successive sections of the same grain. 
Figure A2-7: Sample J17 reflected light photomicrographs of pyrite vein. A: Before polishing. B: After polishing, the 
shape of the pyrite vein has changed. The white box is the reference point for both photos. Previously unexposed 
(A) sulfide grains are exposed in B. 
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Sulfide mineral compositions used in Chapter 4 
Table A3-1: Lawsonite zone sulfide mineral data. Weight % data for area scans are found in Appendix 4. 
M=matrlx, Ps=~seudo-inclusion, l=lnclusions, A=area scan 
Elemental weight% Atomic% 
Sample Label Location Slllcate Fe Cu s Total Fe Cu s 
host 
J15a J15a-m1 M 46.50 0.28 53.16 99.94 33.41 0.17 66.42 
J15a-m2 M 48.27 0.00 55.11 103.38 33.46 0.00 66.54 
J15a-m3 M 48.26 0.26 55.74 104.26 33.15 0.16 66.69 
J15a-m4 M 47.55 0.46 54.97 102.98 33.09 0.28 66.63 
J15a-m5 M 46.88 0.20 54.20 101 .28 33.14 0.12 66.73 
J15a-m6 M 46.21 0.00 53.64 99.85 33.16 0.00 66.84 
J1 5a-p1 Ps Lws 54.84 0.00 45.16 100.00 41 .08 0.00 58.92 
J15a-p2 Ps Lws 47.00 0.69 54.56 102.25 32.95 0.43 66.62 
J15a-p3 Ps Lws 64.02 0.00 34.60 98.62 51.51 0.00 48.49 
J15a·p4 Ps Lws 52.19 0.00 48.21 100.40 38.33 0.00 61 .67 
J15a-p5 Ps Lws 66.08 0.00 35.65 101 .73 51.56 0.00 48.44 
J15a-11 Lws 52.11 0.00 48.02 100.12 38.33 0.00 61 .67 
J15a-12 Lws 1.76 66.57 29.99 98.32 1.56 52.01 46.43 
J15a-i3 Lws 47.36 0.21 54.21 101.78 33.36 0.13 66.51 
J15a-i4 Lws 47.16 0.40 53.95 101.51 33.34 0.25 66.42 
J15a·i5 Lws 46.96 0.00 54.31 101.27 33.18 0.00 66.82 
J15a-i6 Lws 47.30 0.00 54.74 102.04 33.16 0.00 66.84 
J15a-i7 Lws 47.78 0.27 55.10 103.15 33.18 0.16 66.65 
J15a-i8 Lws 47.03 0.27 53.97 101.27 33.29 0.17 66.54 
J15a-i9 Lws 29.31 33.24 34.79 97.34 24.61 24.52 50.87 
J15a-i10 Lws 46.40 0.23 52.99 99.62 33.25 0.15 66.59 
J15a-i11 Lws 30.70 34.62 34.65 99.97 25.29 25.04 49.67 
J15a-i12 Lws 1.40 77.75 21 .04 100.19 2.80 63.42 33.78 
J15a-i13 Lws 0.33 69.72 30.04 100.09 0.30 53.86 45.84 
J15a-i16 Lws 29.17 33.59 36.84 99.59 23.55 24.05 52.40 
J15a-i17 Lws 30.48 30.75 38.99 100.23 24.34 21 .44 54.21 
J15a-i18 Lws 31.71 31 .01 37.49 100.21 25.58 21.91 52.51 
J1 5a-a2 A Lws 22.22 25.77 52.01 
J15a-a3 A Lws 17.74 25.86 56.39 
J15a-a4 A Lws 27.92 24.11 47.97 
J15a-a5 A Lws 24.81 30.48 44.71 
J15a-a6 A Lws 25.67 25.16 49.17 
J15a-a7 A Lws 25.31 23.18 51.50 
J15a-a8 A Lws 23.41 19.85 56.74 
J15a-a9 A Lws 22.93 25.96 51 .11 
J15a-a10 A Lws 19.45 27.57 52.99 
J15 J15-m1 M 46.82 0.40 53.67 100.89 33.29 0.25 66.46 
J15-i3 Ps Grt 55.26 0.00 42.49 97.75 42.75 0.00 57.25 
J15-i4 Ps Grt 61.66 0.00 40.14 101.80 46.87 0.00 53.13 
J15-15 Ps Grt 65.13 0.00 32.89 98.02 53.21 0.00 46.79 
J15-i1 I Grt 14.10 62.03 26.35 102.48 12.32 47.60 40.08 
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Table A3-1 continued. 
Elemental weight% Atomic% 
Sample Label Location Silicate Fe Cu s Total Fe Cu s 
host 
J15-i2 I Grt 46.04 0.00 52.94 98.98 33.23 0.00 66.57 
J15-i6 I Grt 44.78 0.00 52.02 96.81 33.08 0.00 66.92 
J15-a1 A Grt 4.87 45.01 50.12 
J15·a2 A Grt 37.12 0.00 62.88 
J15-a3 A Grt 33.43 0.00 66.57 
J15-a4 A Grt 33.85 0.00 66.15 
J15-a5 A Grt 31.17 0.88 67.96 
J15·a6 A Grt 33.46 0.00 66.54 
J15-a7 A Grt 31.29 1.01 67.70 
J15-a8 A Grt 36.63 0.00 63.37 
J15-a9 A Grt 32.63 0.00 67.37 
J15·a10 A Grt 31.94 0.92 67.15 
J15-a11 A Grt 32.76 0.00 67.24 
J15-a12 A Grt 31.17 0.86 67.97 
J15-a13 A Grt 30.15 0.00 69.85 
J15-a14 A Grt 30.70 0.00 69.30 
J15·a15 A Grt 35.41 2.46 62.13 
J15-a16 A Grt 28.91 0.00 71.09 
J15·a17 A Grt 26.41 5.40 68.19 
J16b J16b-m1 M 30.12 34.08 35.08 99.28 24.79 24.65 50.29 
J16b-m2 M 31.16 35.04 35.36 101.56 25.22 24.93 49.85 
J16b-m3 M 48.14 0.00 55.12 103.26 33.40 0.00 66.60 
J16b·m4 M 30.58 33.70 35.06 99.33 25.22 24.43 50.36 
J16b-i1 I Grt 15.09 56.51 26.59 98.19 11.41 48.99 39.60 
J16b-i2 I Grt 12.6 61.58 25.12 99.30 11 .28 48.71 40.01 
J16b-i3 Grt 12.41 60.97 25.27 98.65 13.59 44.72 41.70 
J16b·i4 Grt 30.72 35.13 35.67 101 .52 24.83 24.95 50.22 
J16b-i5 Grt 32.25 35.14 32.75 100.14 26.84 25.70 47.46 
J16b-i6 Grt 30.64 34.81 34.82 100.27 25.14 25.10 49.75 
J16b-i7 Grt 29.69 35.73 34.35 99.77 24.56 25.97 49.48 
J16b-i8 Grt 30.09 34.17 34.46 98.72 25.05 25.00 49.95 
J16b-19 Grt 30.66 35.70 34.20 100.55 25.21 25.80 48.99 
J16b-i10 Grt 36.06 34.95 29.21 100.22 30.65 26.11 43.24 
J16b·l11 Grt 46.59 0.00 53.43 100.02 33.40 0.00 66.70 
J16b-i12 Grt 12.76 62.51 25.51 100.78 11.38 49.00 39.62 
J16b-i13 Grt 12.90 63.49 26.32 102.71 11.27 48.71 40.02 
J16b-i14 Grt 30.99 34.56 35.35 100.91 25.21 24.71 50.08 
J16b-i15 Grt 45.67 0.43 52.72 98.81 33.13 0.27 66.60 
J16b·i16 Grt 30.55 34.67 34.91 100.13 25.07 25.01 49.91 
J16b-i17 Grt 31 .32 36.10 34.83 102.25 25.31 25.65 49.04 
J16b·i18 Grt 30.85 34.68 35.59 101 .11 25.02 24.71 50.27 
J16b-a1 A Grt 32.60 0.00 67.40 
J16b-a2 A Grt 20.55 21.71 57.75 
J16b-a3 A Grt 17.96 25.96 56.08 
J16b-a4 A Grt 23.60 27.43 48.97 
J16b-a5 A Grt 26.26 34.97 38.77 
J16b-a6 A Grt 11.92 41.82 46.25 
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Table A3·1 continued. 
Elemental weight% Atomic% 
Sample Label Location Siiicate Fe Cu s Total Fe Cu s 
host 
J16b-a7 A Grt 12.36 41 .71 45.94 
J16b-a8 A Grt 7.87 43.68 48.45 
J16b-a9 A Grt 13.55 41.31 45.14 
J16b-a10 A Grt 30.05 11 .37 58.58 
J16b-a11 A Grt 31.78 1.15 67.07 
J16b-a12 A Grt 30.28 0.00 69.72 
J16b-a13 A Grt 13.41 34.71 51 .88 
J16b-a14 A Grt 27.43 6.57 66.00 
J16b·a15 A Grt 20.10 26.04 53.86 
J16b-a16 A Grt 22.37 23.03 54.60 
J16b-a17 A Grt 21 .12 22.26 56.62 
J16b-a18 A Grt 22.64 25.16 52.20 
J16b·a19 A Grt 13.39 41 .54 45.07 
J16c J16c-m1 M 45.65 0.00 53.26 98.90 32.98 0.00 67.02 
J16c-m2 M 45.90 0.00 53.85 99.75 32.86 0.00 67.14 
J16c-m3 M 43.27 0.00 53.25 96.52 31.81 0.00 68.19 
J16c-m4 M 45.89 0.00 54.11 100.00 32.75 0.00 67.25 
J16c-m5 M 46.56 0.00 53.11 99.67 33.48 0.00 66.52 
J16c-m6 M 46.31 0.00 53.28 99.59 33.29 0.00 66.71 
J16c-m7 M 46.72 0.00 53.28 100.00 33.48 0.00 66.52 
J16c-m8 M 47.24 0.20 50.64 98.09 34.83 0.13 65.03 
J16c-m9 M 30.05 34.16 34.42 98.63 25.04 25,02 49.95 
J16c-m10 M 29.85 34.78 34.21 98.85 24.88 25.47 49.65 
J16c-m11 M 29.81 34.98 34.04 98.84 24.88 25.65 49.47 
J16c-m12 M 21.93 47.23 29.24 98.40 19.18 36.29 44.53 
J16c-i1 I Grt 24.95 24.47 50.58 
J16c-12 Grt 33.60 0.05 66.35 
J16c-i3 Grt 38.27 0.00 61.73 
J16c-i4 Grt 25.25 23.69 51 .07 
J16c·i5 Grt 25.39 23.94 50.67 
J16C-a1 A Grt 31 . 18 0.00 68.82 
J16C-a2 A Grt 24.05 23.42 52.52 
J16C-a3 A Grt 32.45 0.29 67.26 
J16C-a4 A Grt 34.77 0.00 65.23 
GC-55 GC55-po1 Ps Plag 47.17 0.00 52.83 
J36 J36S-1- Ps Ab 55.18 37.59 2.06 94.83 45.06 1.48 53.46 
s1 .pt 
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Table A3-2: Epidote zone sulfide mineral data. Weight% data for area scan s Is found in Appendix 3. 
M=matrix, Ps=eseudo-inclusion, l=lncluslons, A=area scan 
Elemental weight% Atomic % 
SAMPLE Label L Siiicate host Fe s Co Ni Cu Total Fe s Co NI Cu 
23874 
23897 
23903 
29356 
73004a 
M1 M 
M2 M 
M3 M 
M4 M 
M5 M 
M6 M 
P1 Ps 
S2 Ps 
S1.pt Ps 
S1 Ps 
P1 Ps 
P2 Ps 
P3 Ps 
P4 Ps 
PS Ps 
P6 Ps 
P7 Ps 
PS Ps 
P9 Ps 
P10 Ps 
P11 Ps 
M1 M 
M2 M 
M3 M 
M4 M 
M5 
M1 
M2 
M3 
M4 
MS 
MS 
M7 
M1 
M2 
M3 
M4 
MS 
MS 
M7 
Ps 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
ab 
ab 
qtz 
alb 
qtz 
qtz 
qlz 
qtz 
qtz 
qtz 
qtz 
qtz 
qtz 
qtz 
qtz 
qtz 
47.52 S4.28 0.00 
47.S9 54.32 0.00 
46.95 54.01 0.00 
45.79 52.29 0.00 
4S.86 53.51 0.00 
46.91 53.37 0.00 
30.50 33.94 o.oo 
57.10 37.40 0.23 
46.70 53.S2 0.00 
4S.39 S3.28 0.00 
29.SS 34.49 0.00 
29.59 34.S2 0.00 
29.47 34.5S 0.00 
4S.72 53.32 0.00 
46.32 S3.11 0.00 
30.95 34.76 0.00 
46.1 S 53.32 0.00 
45.87 53.30 0.00 
47.17 S3.73 0.00 
47.14 53, 13 0.00 
30.46 3S.13 0.00 
4S.81 51.92 0.00 
30.78 35.00 0.00 
46.91 S2.16 0.00 
29.81 32.14 0.00 
29.87 34.75 0.00 
4S.89 53.S6 0.00 
30.02 34.28 0.00 
46.61 53.91 0.00 
30.48 34. 73 0.00 
30.43 35.00 0.00 
4S.01 54.34 0.00 
30.91 35.36 0.00 
42.77 50.64 0.00 
S1 .54 40.44 0.00 
45.39 S5.08 0.77 
61.40 40.08 0.00 
0.00 0.00 101.80 33.45 66.55 0.00 0.00 0.00 
0.00 0.00 102.01 33.S1 S6.49 0.00 0.00 0.00 
0.00 0.00 100.9S 33.29 66.71 0.00 0.00 0.00 
0.00 0.00 98.08 33.29 66.21 0.00 0.00 0.00 
0.00 0.00 100.37 33.46 66.54 0.00 0.00 0.00 
0.00 0.00 100.28 33.54 66.46 0.00 0.00 0.00 
0.00 34.75 99.19 
0.3S 0.00 95.08 
0.00 0.00 100.22 
0.00 0.00 99.67 
0.00 34.57 98.91 
0.00 33.78 97.89 
0.00 34.57 98.60 
0.00 0.00 99.04 
0.00 0.00 99.43 
43.9S 54.66 0.00 0.00 0.00 
24.68 50.35 0.00 0.00 24.03 
24.79 S0.09 0.00 0.00 25.12 
43.61 5S.30 0.00 0.00 1.09 
33.38 66.62 0.00 0.00 0.00 
33.33 66.67 0.00 0.00 0.00 
24.81 49.93 0.00 0.00 2S.25 
24.78 S0.35 0.00 0.00 24.86 
24.S5 S0.14 0.00 0.00 2S.31 
32.99 67.01 0.00 0.00 0.00 
33.3S 66.59 0.00 0.00 0.00 
0.00 34.21 99.92 25.46 49.80 0.00 0.00 24.73 
0.00 0.00 99.47 33.20 66.80 0.00 0.00 0.00 
0.00 0.00 99.17 33.07 66.93 0.00 0.00 0.00 
0.00 0.00 100.90 33.51 66.49 0,00 0.00 0.00 
0.00 0.00 100.27 33.75 6S.25 0.00 0.00 0.00 
0.00 35.44 101.03 24.81 49.83 0.00 0.00 25.36 
0.00 0.00 97.73 33.63 66.37 0.00 0.00 0.00 
0.00 35.41 101.19 25.05 4S.62 0.00 0.00 25.33 
29.35 70.65 0.00 0.00 0.00 
0.00 0.00 99.07 34.05 65.95 0.00 0.00 0.00 
0.00 33.77 95.72 2S.82 48.48 0.00 0.00 25.70 
0.00 34.98 99.60 24.66 49.9S 0.00 0.00 25.38 
0.00 O.Q1 100.56 33.41 S6.S9 0.00 0.00 0.01 
0.00 34.93 99.23 24.93 49.58 0.00 0.00 25.49 
0.30 0.17 100.99 33.07 66.62 0.00 0.20 0. 11 
0.36 34,S1 100.08 25.06 49.73 0.00 0.28 24.93 
0.00 34.67 100.10 24.97 50.02 0.00 0.00 25.00 
0.00 0.00 100.35 32.71 67.29 0.00 0.00 0.00 
0.00 36.09 102.36 24.88 49.58 0.00 0.00 2S.S3 
1.38 0.77 95.56 32.17 66.34 0.00 0.99 O.S1 
0.56 0.00 102.54 46.44 S3.1S 0.00 0.40 0.00 
0.97 0.00 102.21 31.7S S7.10 0.51 O.S5 0.00 
0.41 0.00 101.89 46.66 53.05 0.00 0.30 0.00 
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Table A3-3: Omphacite zone sulfide mineral data. Weight% data for area scan s is found in Appendix 3. 
M=matrix. Ps=~seudo·inclusion, l=lnclusions1 A=area scan 
Elemental weight % Atomic% 
Sample Label L Silicate Fe s Co Ni Cu Total Fe s Co NI Cu 
host 
96312k P1 Grt 60.GO 37.99 0.00 0.00 0.00 98.59 47.80 52.20 0.00 0.00 0.00 
P2 Grt 2.37 29.87 0,00 0.00 69.96 102.20 2.05 44.90 0.00 0.00 53.06 
P3 Grt 45.42 53.29 0.00 1.11 0.00 99.82 32.G1 66.63 0.00 0.7G 0.00 
P4 Grt 46.11 53.02 0.32 0.82 0.86 101.13 32.87 65.82 0.22 0.56 0.54 
P5 Grt 2.22 29.99 0.00 0.00 70.03 102.24 1.91 45.03 0.00 0.00 53.06 
PG Grt 2.G3 21.80 0.00 0.00 68.35 92.78 2.61 37.72 0.00 0.00 59.67 
P7 Grt 37.10 45.59 0.00 0.77 12.62 96.08 28.91 61.88 0.00 0.57 8.64 
P8 Grt 36.32 44.93 0.00 0.67 16.04 97.96 28.09 60.52 0.00 0.49 10.90 
pg Grt 1.03 29.90 0.00 0.00 68.31 99.24 0.91 53.06 0.00 0.00 46.03 
P10 I Grt 1.14 30.95 0.00 0.00 66.93 99.01 1.00 51.66 0.00 0.00 47.34 
81 A Grt 43.55 51.98 0.00 0.00 4.47 
82 A Grt 24.14 54.09 0.00 0.88 20.90 
9918 11 I Grt 58.86 38.99 0.00 0.74 0.00 98.59 46.18 53.27 0.00 0.55 0.00 
9919a M1 M 60.60 39.45 0.00 0.00 0.00 100.05 46.86 53.14 0.00 0.00 0.00 
M2 M 61 .53 38.91 0.00 0.00 0.31 100.75 47.49 52.30 0.00 0.00 0.21 
M3 M 60.80 38.96 0.00 0.00 0.00 99.76 47.26 52.74 0.00 0.00 0,00 
M4 M 60.51 39.67 o.oo 0.00 0.00 100.18 46.69 53.31 0.00 0.00 0.00 
M5 M 61.00 38.16 0.00 0.29 0.00 99.45 47.75 52.03 0.00 0.22 0,00 
MG M 60.14 38.04 0.00 0.28 0.00 98.46 47.4S 52.31 0.00 0.21 0.00 
M7 M G0.67 38.79 0.00 0.00 0.00 99.46 47.31 52.69 0.00 0.00 0.00 
MS M G0.5G 38.58 0.00 0,00 0.00 99.14 47.40 52.60 0.00 0.00 0,00 
M9 M 60.49 39.47 0.51 o.oo 0.00 100.47 46.G3 52.99 0.37 0.00 0.00 
P1 I Grt 60.20 3S.68 0.00 0.00 0.00 9S.8S 47.19 52,S1 0.00 0.00 0.00 
81 A Grt 43.76 55.01 0.00 0.00 1.22 
9919t M1 M 59.23 40.02 0.00 0.00 0.00 99.25 45.94 54.06 0.00 0.00 0.00 
M2 M 47.06 52.62 0.00 0.00 0.00 99.68 33.93 66.07 0.00 0.00 o.oo 
M3 M 30.56 34.90 0.00 0.00 37.03 102.49 24.67 49.06 0.00 0.00 2G.27 
M4 M 30.62 35.06 0.00 0.00 35.55 101.23 24.91 49.67 0.00 0.00 25.42 
M5 M 46.41 52.24 0.00 0.00 0.00 9S.65 33.78 66.22 0.00 0.00 0.00 
MG M 61.82 39.06 0.00 0.26 0.00 101.14 47.52 52.29 0.00 0.19 0.00 
M7 M G1.13 39.49 0.00 0.21 0.00 100.83 46.98 52.86 0.00 0.15 0.00 
MS M G1.23 39.5G 0.00 0.32 0.00 101.11 46.94 52.82 o.oo 0.23 0.00 
P1 I Grt 59.31 39.01 0.00 0.00 0.00 98.32 46.49 53.25 0.00 0.00 0.00 
P2 I Grt 60.S3 39.42 0.00 0.00 0.00 100.25 46.98 53.02 o.oo 0.00 0.00 
P3 I Grt 61 .14 39.37 0.00 0.25 0.25 101.01 46.97 52.68 0.00 0.18 0.17 
P4 I Grt 60.72 39.90 0.00 0.27 0.00 100.S9 46.54 53.26 0.00 0.20 0.00 
PS Grt 61.16 39.66 0.00 0.00 0.00 100.82 46.96 53.04 0.00 0.00 0.00 
PG Grt 61.15 39.74 0.21 0.46 0.00 101.56 46.68 52.83 0.15 0.33 0.00 
81 A Grt 45.08 54.92 0.00 o.oo 0.00 
82 A Grt 45.38 54.62 0.00 0.00 0.00 
83 A Grt 47.59 52.41 0.00 0.00 0.00 
84 A Grt 45.04 54.96 0.00 0.00 0.00 
$5 A Grt 37.87 62.13 0.00 0.00 0.00 
9923a P1 I Grt 59.54 39.41 0.00 0.00 0.00 98.95 46.45 53.55 0.00 0.00 0.00 
P2 I Grt 59.72 38.34 0.00 0.33 0.00 98.39 47.09 52.66 0.00 0.25 0.00 
S1 A Grt 43.3S 54.56 0.00 0.00 2.06 
$2 A Grt 45.54 54.07 0.00 0.00 0.38 
9924a M1 M 43.21 52.13 0.00 0.00 0.00 95.34 32.25 67.75 0.00 0.00 0.00 
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Table A3-3 continued. 
Elemental weight% Atomic% 
Sample Label L Silicate Fe s Co Ni Cu Total Fe s Co NI Cu 
host 
9924a M2 M 58.10 39.09 0.00 0.00 0.31 97.50 45.95 53.84 0.00 0.00 0.22 
M3 M 58.83 38.61 0.00 0.48 0.00 97.92 46.49 53.14 0.00 0.36 0.00 
M4 M 59.94 38.74 0.00 0.00 0.00 98.68 47.04 52.96 0.00 0.00 0.00 
M5 M 60.51 38.94 0.00 0.00 0.00 99.45 47.15 52.85 0.00 0.00 0.00 
M6 M 60.45 39.53 0.00 0.00 0.00 99.98 46.75 53.25 0.00 0.00 0.00 
P1 Grt 60.49 38.77 0.00 0.00 0.00 99.26 47.25 52.75 0.00 0.00 0.00 
P2 Grt 59.64 38.62 0.00 0.33 0.00 98.59 46.88 52.87 0.00 0.25 0.00 
P3 Grt 60.05 39.03 0.00 0.25 0.00 99.33 46.82 53.00 0.00 0.19 0.00 
P4 Grt 60.01 38.22 0.00 0.00 0.28 98.51 47.32 52.49 0.00 0.00 0.19 
PS Grt 59.77 38.80 0.00 0.44 0.00 99.01 46.78 52.89 0.00 0.33 0.00 
P6 Grt 59.61 39.31 0.00 0.00 0.00 98.92 46.54 53.46 0.00 0.00 0.00 
P7 Grt 59.42 39.49 0.00 0.00 0.00 98.91 46.35 53.65 0.00 0.00 0.00 
PS Grt 58.34 39.07 0.00 0.00 0.00 97.41 46.16 53.84 0.00 0.00 0.00 
pg Grt 60.29 38.86 0.00 0.36 0.00 99.51 46.99 52.75 0.00 0.27 0.00 
P10 Grt 59.60 38.53 0.00 0.40 0.00 98.53 46.90 52.80 0.00 0.30 0.00 
P11 Grt 59 97 38 80 0.00 0.00 0.00 98.n 47.02 52.98 0 00 0.00 0.00 
P12 Grt 60.43 38.75 0.00 0.68 0.00 99.86 47.00 52.49 0.00 0.50 0.00 
P13 Grt 59.52 39.65 0.00 0.00 0.00 99.17 46.29 53.71 0.00 o.oo 0.00 
P14 Grt 60.22 38.80 0.00 0.00 0.00 99.02 47.12 52.88 0.00 0.00 0.00 
P15 Grt 59.38 38.38 0.00 0.25 0.00 98.01 46.95 52.86 0.00 0,19 0.00 
P16 Grt 60.67 38.83 0.00 0.00 0.00 99.50 47.29 52.71 0.00 0.00 0.00 
P17 Grt 60.16 37.92 0.00 0.32 0.00 98.40 47.55 52.21 0.00 0.24 0.00 
P18 Grt 60.82 39.41 0.00 0.00 0.00 100.23 46.98 53.02 0.00 0.00 0.00 
P19 Grt 60.22 39.19 0.00 0.00 0.00 99.41 46.87 53.13 0.00 0.00 0.00 
P20 Grt 59.48 38.09 0.00 0.00 0.00 97.57 47.27 52.73 0.00 0.00 0.00 
P21 Grt 59.15 39.26 0.00 0.00 0.00 98.41 46.38 53.62 0.00 0.00 0.00 
P22 Grt 59.39 37.82 0.00 0.34 0.00 97.55 47.29 52.45 0.00 0.26 0.00 
P23 Grt 59.15 39.56 0.00 0.00 0.00 98.71 46.19 53.81 0.00 0.00 0.00 
P24 Grt 60.37 38.31 0.00 0.00 0.00 98.68 47.50 52.50 0.00 0.00 0.00 
P25 Grt 59.39 37.82 0.00 0.00 0.00 97.21 47.41 52.59 0.00 0.00 0.00 
P26 Grt 60.58 38.74 0.00 0.00 0.00 99.32 47.31 52.69 0.00 0.00 0.00 
P27 Grt 59.00 38.37 0.00 0.00 0.00 97.37 46.89 63.11 0.00 0.00 0.00 
$1 A Grt 42.86 56.44 0.00 0.70 0.00 
$2 A Grt 38.32 58.83 0.00 0.00 2.85 
$3 A Grt 41.87 58.13 0.00 0.00 0.00 
S4 A Grt 35.71 64.29 0.00 0.00 0.00 
$5 A Grt 45.08 54.92 0.00 0.00 0.00 
$6 A Grt 46.72 51.28 0.00 0.00 0.00 
$7 A Grt 41.39 58.61 0.00 0.00 0.00 
SB A Grt 42.83 57.17 0.00 0.00 0.00 
$9 A Grt 37.75 62.25 0.00 0.00 0.00 
$10 A Grt 40.67 59.33 0.00 0.00 0.00 
$11 A Grt 38.85 61.15 0.00 0.00 0.00 
$12 A Grt 44.14 55.86 0.00 0.00 0.00 
S13 A Grt 43.69 56.31 0.00 0.00 0.00 
S14 A Grt 41.80 58.00 0.00 0.00 0.21 
$15 A Grt 42.93 57.07 0.00 0.00 0.00 
$16 A Grt 44.92 55.08 0.00 0.00 0.00 
S17 A Grt 44.88 55.12 0.00 0.00 0.00 
$18 A Grt 46.80 53.20 0.00 0.00 0.00 
S19 A Grt 45.03 54.97 0.00 0.00 0.00 
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Table A3-3 continued. 
Elemental weight % Atomic proportion 
Sample Label L Silicate Fe s Co NI Cu Total Fe s Co NI Cu 
host 
S20 A Grt 48.44 51.56 0.00 0.00 0.00 
A· Psi Grt 45.12 47.21 0.00 2.69 4.98 Ps1 A 
A· Psi Grt 45.53 54.47 0.00 0.00 0.00 Ps2 A 
A· Psi Grt 40.81 59.19 0.00 0.00 0.00 Ps3 A 
A· Psi Grt 46.65 53.35 0.00 0.00 0.00 Ps4 A 
A- Ps/ Grt 48.36 51 .64 0.00 0.00 0.00 Ps5 A 
A· Ps/ Grt 42.13 57.87 0.00 0.00 0.00 Ps6 A 
A- Ps/ Grt 49.35 50.65 0.00 0.00 0.00 Ps7 A 
A· Psi Grt 48.43 51.57 0.00 0.00 0.00 Ps8 A 
A· Psi Grt 53.99 46.01 0.00 o.oo 0.00 Ps9 A 
9930b P1 I Grt 58.18 38.32 0.00 0.64 1.96 99.10 45.72 52.45 0.00 0.48 1.35 
P2 I Grt 60.60 38.90 0.00 0.50 0.00 100.00 47.04 52.59 0.00 0.37 0.00 
P3 I Grt 60.36 39.44 0.00 0.00 0.00 99.80 46.77 53.23 0.00 0.00 0.00 
S1 A Grt 41 .81 54.39 0.00 0.00 3.80 
S2 A Grt 42.81 54.95 0.00 0.00 0.00 
S3 A Grt 53.69 43.46 0,00 0.00 2.08 
S4 A Grt 46.30 52.74 0.00 0.00 0.00 
9931a P1 I Grt 59.19 37.82 0.00 0.00 0.00 97,01 47.33 52.67 0.00 0.00 0.00 
P2 I Grt 57.90 38.45 0.00 0.00 0.00 96.35 46.37 53.63 0.00 0.00 0.00 
P3 Grt 58.22 38.89 o.oo 0.00 0.00 97.11 46.22 53.78 0.00 0.00 0.00 
P4 Grt 60.68 38.95 0.00 0.00 0.00 99.63 47.22 52.78 0.00 0.00 0.00 
Ps1 Ps Grt 56.43 43.89 0.00 0.00 0.00 100.31 56.25 43.75 0.00 0.00 0.00 
Ps2 Ps Grt 49.49 51.31 0.00 0.00 0.67 101.46 48.77 50.57 0.00 0.00 0.66 
S1 A Grt 49.71 50.29 0.00 0.00 0.00 
S2 A Grt 48.31 48.79 0.00 1. 12 1.77 
S3 A Grt 45.98 54.02 0.00 0.00 0.00 
9931b M1 M 60.54 38.72 0.00 0.45 0.00 99.71 47.15 52.52 0.00 0.33 0.00 
M2 M 43.18 53.60 2.23 0.00 o.oo 99.01 31 .14 67.33 1.52 0.00 0.00 
M3 M 59.98 39.08 0.00 0.25 0.00 99.31 46.76 53.06 0.00 0.19 0.00 
M4 M 60.82 38.81 0.00 0.42 0.24 100.29 47.14 52.39 0.00 0.31 0.16 
9931c P1 Grt 59.33 38.08 0.00 0.00 0.00 97.41 47.22 52.78 0.00 0.00 0.00 
P2 Grt 60.08 38.97 0.00 0.00 0.00 99.05 46.37 52.38 0.00 0.00 0.00 
P3 Grt 60.90 38.32 0.00 0.00 0.00 99.22 47.71 52.29 0.00 0.00 0.00 
P4 I Grt 58.50 36.45 0.00 0.00 0.00 94.95 47.04 51.05 0.00 0.00 0.00 
S1 A Grt 43.69 55.92 0.00 0.00 0.39 
S2 A Grt 47.48 52.52 0.00 0.00 0.00 
S3 A Grt 43.91 56.09 0.00 0.00 0.00 
S4 A Grt 49.28 50.72 0.00 0.00 0.00 
S5 A Grt 46.96 53.04 0.00 0.00 0.00 
9939 P1 Grt 59.41 38.90 0.00 0.35 0.00 98.66 46.60 53.14 0.00 0.26 0.00 
P2 I Grt 58.59 38.13 0.00 0.51 0,00 97.23 46.69 52.92 0.00 0.39 0.00 
P3 I Grt 58.64 38.54 0.00 0.00 0.00 97.18 46.63 53.37 0.00 0.00 0,00 
S1 A Grt 46.78 53.22 0.00 0.00 0.00 
S2 A Grt 46.92 53.08 0.00 0.00 0.00 
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Table A3·3 continued. 
Elemental weight% Atomic% 
Sample Label L Siiicate Fe s Co NI Cu Total Fe s Co NI Cu 
host 
S4 A Grt 48.72 51 .28 0,00 0.00 0.00 
SS A Grt 46.71 53.29 0.00 0.00 0.00 
S6 A Grt 38.13 45.88 0.00 0.00 15.99 
9941b M1 M 46.44 52.28 0.00 0.00 0.00 98.72 33.77 66.23 0.00 0.00 0.00 
M2 M 29.45 33.84 0.00 0.00 35.91 99.20 24.55 49.14 0.00 0.00 26.31 
M3 M 30.25 34.98 0.00 0.00 35.12 100.35 24.78 49.93 0.00 0.00 25.29 
M4 M 46.73 52.94 0.00 0.00 0.00 99.67 33.63 66.37 0.00 0.00 0.00 
MS M 61 .64 39.14 0.00 0.00 0.00 100.78 47.48 S2.52 0.00 0.00 0.00 
M6 M 60.00 38.96 0.00 0.00 0.00 98.96 46.92 53.08 0.00 0.00 0.00 
M7 M 61.11 39.68 0.00 0.00 0.04 100.83 46.91 53.06 0.00 0.00 0.03 
P1 Czo 58.35 39.16 0.00 0.54 0.00 98.05 45.92 53.68 0.00 0.40 0.00 
P3 Czo 58.80 37.99 0.00 0.00 0.00 96.79 47.05 52.95 0.00 0.00 0.00 
P4 Czo 56.26 37.42 0.82 3.59 0.35 98.44 44.67 51.75 0.62 2.71 0.24 
P5 Czo 58.93 38.25 0.00 0.57 0.00 97.75 46.74 52.83 0.00 0.43 0.00 
PB Czo 59.66 38.41 0.00 0.58 0.00 98.65 46.94 52.63 0.00 0.43 0.00 
P7 Czo 59.72 38-46 0.00 0.60 0.28 99.06 46.83 52.53 0.00 0.45 0.19 
P8 Grt 59.08 38.27 0.00 0.79 0.00 98.14 46.71 52.70 0.00 0.59 0.00 
pg Grt 59.23 38.34 0.00 0.79 0.00 98.36 46.73 52,68 0.00 0.59 0.00 
P10 Grt 58.33 38.64 0.00 0.67 2.11 99.75 45.53 52.53 0.00 0.50 1.45 
S1 A Czo 43.99 54.44 0.00 0.00 1.57 
S2 A Czo 44.98 54.08 0.00 o.oo 0.95 
83 A Czo 46.83 53.17 0.00 0.00 0.00 
84 A Czo 39.08 53.38 0.00 0.00 7.55 
85 A Czo 42.89 55.24 0.00 0.00 1.87 
$6 A Czo 43.26 55.99 0.00 0.00 0.75 
S7 A Czo 40.97 55.00 0.00 0.00 4.03 
s0 A Czo 47.58 52.42 0.00 0.00 0.00 
89 A Grt 42.65 54.29 0.00 0.00 3.06 
810 A Grt 44.35 55.65 0.00 0.00 0.00 
$11 A Grt 39.61 57.23 0.00 0.00 3.16 
812 A Grt 44.84 55,16 0.00 0.00 0.00 
813 A Grt 43.90 S6.10 0.00 0.00 0.00 
9946 P1 Ps Pg 58.94 38.35 0.00 0.67 0.00 97.96 46.64 S2.8S 0.00 0.50 0.00 
P2 Ps Pg 58.64 38.96 0.00 0.73 0.00 98.33 46.10 53.35 0.00 0.55 0.00 
P3 I Grt 29.99 34.28 0.00 0.00 32.70 96.97 25.32 50.41 0.00 0.00 24.27 
P4 Grt 45.11 50.20 0.00 0.42 0.13 95.86 33.90 65.71 0.00 0.30 0.09 
P5 I Grt 41.92 52.14 0.23 4.09 0.00 98.38 30.63 66.36 0.16 2.84 0.00 
M1 M 59.86 39.41 0,00 0.81 0.00 100.08 46.31 53.10 0.00 0.60 0.00 
9949 P1 Grt 59.07 39.20 0.00 0.54 0.00 98.81 46.20 53.40 0,00 0.40 0.00 
P2 Grt 55.16 39.84 0.00 0.56 2.69 98.25 43.28 54.45 0.00 0.42 1.85 
P3 Grt 48.76 36.82 0.00 0.40 10.61 96.59 39.77 S2.31 0.00 0.31 7.61 
P4 Grt 58.68 38.18 0.00 0.51 0.00 97.37 46.70 S2.92 0.00 0.39 0.00 
PS Grt 58.21 37.96 0.29 0.63 0.90 97.99 46.20 S2..48 0.22 0.48 0.63 
P6 Grt 59.91 37.95 0.22 0.63 0.00 98.71 47.24 52.12 0.16 0.47 0.00 
P7 Grt 60.30 39.41 0.00 0.66 0.33 100.70 46.44 52.86 0.00 0.48 0.22 
P8 Grt 60.74 39.48 0.00 0.46 0.00 100.68 46.75 52.92 0.00 0.34 0.00 
pg Grt 60.76 38.90 0.00 O.S6 0.34 100.56 46.98 52.38 0.00 0.41 0.23 
P10 Grt 61.30 36.87 0.00 0.63 0.00 100.80 47.30 52.24 0.00 0.46 0.00 
P11 Grt 60.98 38.76 0.00 0.51 0.00 100.25 47.28 52.34 0.00 0.38 0.00 
P12 Grt S9.23 38.00 -0.22 0.59 0.65 98.25 46.88 S2.39 -0.17 0.44 0.45 
P13 Grt 60.15 38.49 0.3S 0.50 0.02 99.51 46.99 S2.37 0.26 0.37 0.01 
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Table A3-3 continued. 
Elemental weight % Atomic% 
Sample Label L Silicate Fe s Co NI Cu Total Fe s Co Ni Cu 
host 
P14 I Grt 60.05 38.32 0.06 0.47 0.06 98.84 47.20 52.46 0.04 0.35 0.04 
S1 A Grt 42.94 54.63 0.00 0.55 1.88 
S2 A Grt 46.93 52.6S 0.00 0.39 0.00 
S3 A Grt 37.S3 52.32 0.00 0.3S 9.46 
S4 A Grt 47.17 52.40 0.00 0.43 0.00 
85 A Grt 46.96 52.48 0.00 0.56 0.00 
S6 A Grt 44.61 52.79 0.26 1.32 1.02 
S7 A Grt 45.43 54.57 0.00 0.00 0.00 
SS A Grt 42.64 54.52 0.00 0.62 2.21 
S9 A Grt 45.20 54.09 -0.29 0.49 0.51 
S10 A Grt 45.47 53.52 0.00 0.00 1.00 
S11 A Grt 45.93 54.07 0.00 0.00 0.00 
812 A Grt 43.44 53.30 0.00 1.51 1.74 
813 A Grt 45.09 54.91 0.00 0.00 0.00 
S14 A Grt 47.06 52.94 0.00 0.00 0.00 
S15 A Grt 45.97 54.03 0.00 0.00 000 
816 A Grt 46.47 53.53 0.00 0.00 0.00 
817 A Grt 44.91 55.09 0.00 0.00 0.00 
J17 M1 M 59.18 38.90 0.28 0.46 0.00 98.82 46.37 53.0S 0.21 0.34 0.00 
M2 M 30.30 34.59 0.00 0.00 33.84 98.73 25.19 50.09 0.00 0.00 24.72 
P1 I Grt 59.15 39.72 0.00 1.32 0.29 100.48 45.56 53.28 0.00 0.97 0.20 
P2 I Grt 30.72 35.04 0.00 0.00 34.60 100.36 25.15 49.96 0.00 0.00 24.89 
P3 Grt 58.06 36.47 0.00 0.36 0.28 95.17 47.53 51.99 0.00 0.2S 0.20 
P4 Grt 46.67 54.03 0.00 0.00 0.00 100.70 33.15 66.85 0,00 0.00 0.00 
PS Grt 31 .88 36.11 0.00 0.00 32.54 100.53 25.84 50.98 0.00 0.00 23.18 
P6 Grt 30.30 34.59 0,00 0.00 33.84 98.73 25.19 50.09 0.00 0.00 24.72 
P7 Grt 61.51 39.08 0.00 0.58 0.00 101.17 47.27 52.31 0.00 0.42 0.00 
PS Grt 60.98 38.67 0.00 0.30 0.00 99.95 47.41 52.37 0.00 0.22 0.00 
pg Grt 40.49 36.05 0.00 0.80 22.62 99,96 32.68 50.67 0.00 0.61 16.04 
P10 Grt 58.58 38.64 0.00 1.17 0.00 98.39 46.13 52.99 0.00 0.88 0.00 
P11 Grt 59.98 38.37 0.00 0.34 0.00 98.69 47.18 52.57 0.00 0.25 0.00 
P12 Grt 29.92 33.97 0.00 0.00 34.01 97.90 25.15 49.73 0.00 0.00 25.12 
P13 Grt 30.53 34.51 0.00 0.00 34.23 99.27 25.29 49.79 0.00 0.00 24.92 
P14 Grt 29.89 33.49 0.00 0.00 33.65 97.03 25.38 49.52 0.00 0.00 25.11 
P15 Grt 29.26 27.16 0.00 0.00 32.09 88.51 27.93 45.15 0.00 0.00 26.92 
P16 Grt 45.79 53.11 0.23 0.47 0.00 99.60 32.95 66.57 0.16 0.32 0.00 
P17 Grt 60.45 37.72 0.00 0.52 0.00 98.69 47.73 51.8S 0.00 0.39 0.00 
P1S Grt 58.06 38.89 0.00 0.67 0.00 97.62 45.92 53.57 0.00 0.50 0.00 
P19 Grt 30.37 34.85 0.00 0.00 33.56 98.78 25.19 50.35 0.00 0.00 24.46 
P20 Grt 58.17 38.96 0.00 1. 11 0.00 98.24 45.77 53.39 0.00 0.83 0.00 
P21 Grt 57.32 39.06 0.00 1.08 0.00 97.46 45.36 53.83 0.00 0.81 0.00 
P22 Grt 30.03 34.16 0.00 0.00 33.33 97.52 25.27 50.07 0.00 0.00 24.65 
P23 Grt 30.04 34.51 0.00 0.00 34.74 99.29 24.89 49.81 0.00 0.00 25.30 
P24 Grt 30.66 34.79 0.00 0.34 34.43 100.22 25.17 49.73 0.00 0.27 24.84 
P25 Grt 31.00 34.82 0.00 0.00 33.85 99.67 25.54 49.96 0.00 0.00 24.51 
P26 Grt 57.87 39.52 0.00 1.67 0.31 99.37 45.01 53.54 0.00 1.24 0.21 
P27 Grt 30.30 35.11 o.oo 0.00 33.52 98.93 25.06 50.58 0.00 0.00 24.36 
P28 Grt 60,95 38.52 0.00 0.70 0.00 100.17 47.36 52.13 0.00 0.52 0.00 
P29 Grt 42.71 49.67 0.00 0.00 8.51 100.89 31.24 63.28 0.00 0.00 5.47 
P30 Grt 30.21 33.96 0.00 0.00 34.12 98.29 25.31 49.56 0.00 0.00 25.13 
P31 Grt 45.95 53.10 0.00 0.39 0.00 99.44 33.10 66.63 0.00 0.27 0.00 
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Table A3-3 continued. 
Elemental weight % Atomic% 
Sample Label L Silicate Fe s Co NI Cu Total Fe s Co NI Cu host 
P32 I Grt 60.30 37.53 0.00 0.36 0.00 98.19 47.85 51.87 0.00 0.27 0.00 
P33 I Grt 38.54 35.62 0.00 0.00 26.06 100.22 31 .21 50.24 0.00 0.00 18.55 
P34 I Grl 30.68 33.14 0.00 0.00 34.10 97.92 25.92 48.76 0.00 0.00 25.32 
P35 I Grt 30.80 34.46 0.00 0.00 34.15 99.41 25.49 49.67 0.00 0.00 24.84 
S1 A Grt 42.56 52.75 0.00 0.00 4.69 
S2 A Grt 30.79 65.55 0.00 0.00 3.66 
S3 A Grt 24.09 51.34 0.00 0.00 24.58 
S4 A Grt 42.82 53.65 0.00 0,00 3.53 
S5 A Grt 40.95 54.31 0.46 0,00 4.28 
S6 A Grt 38.47 55.10 0.40 0.81 5.22 
S7 A Grt 42.99 54.12 0.00 0.00 2.89 
SB A Grt 33.06 50.67 0.00 0.00 16.27 
S9 A Grt 46.02 53.98 0.00 0.00 0.00 
S10 A Grt 44.09 55.91 0.00 0.00 0.00 
S11 A Grt 40.66 49.47 0.00 0.00 9.88 
S12 A Grt 32.40 55.97 0.00 0.00 11.63 
S13 A Grt 24.45 52.66 0.00 0.00 22.89 
S14 A Grt 35.08 41.37 0.00 0.00 23.55 
S15 A Grt 21 .51 54.20 0.00 0.00 24.29 
S16 A Grt 39.71 51.83 0.00 0.91 7.55 
S17 A Grt 44.22 50.89 2.20 2.69 0.00 
S18 A Grt 38.65 53.52 0.00 0.00 7.83 
S19 A Grt 43.66 56.34 0.00 0.00 0.00 
S20 A Grt 24.45 64.50 0.00 0.00 11.05 
S21 A Grt 47.52 49.36 0.72 0.00 2.39 
J40 S1 A Grt 41 .39 58.61 0.00 0.00 0.00 
S2 A Grt 40.83 53.51 0.00 1.09 4.58 
S3 A Grt 34.36 53.24 1.38 3.16 7.86 
Ba lade M1 M 30.00 34.45 0.00 0.00 34.25 98.70 24.98 49.96 0.00 0.00 25.06 mine 
M1 M 47.44 53.88 0.00 0.00 0.00 101.32 33.58 66.42 0.00 0.00 0.00 
M1 M 29.75 33.87 0.00 0.00 34.28 97.90 25.03 49.63 0.00 0.00 25.34 
M1 M 28.45 32.35 0.00 o.oo 32.00 92.80 25.20 49.90 0.00 0.00 24.91 
M1 M 32.23 33.32 0.00 0.00 30.86 96.41 27.46 49.44 0.00 0.00 23.10 
M1 M 29.56 33.28 0.00 0.00 33.97 96.81 25.18 49.38 0.00 0.00 25.43 
M1 M 31.10 35.78 0.00 0.00 36.14 103.02 24.84 49.78 0.00 0.00 25.37 
M1 M 31.25 35.69 0.00 0.00 36.12 103.06 24.97 49.67 0.00 0.00 25.36 
M1 M 62.47 34.67 0.00 0.00 1.01 98.15 50.48 48.80 0.00 0.00 0.72 
73101 M58 M 61.08 39.95 0.00 1.07 0.00 102.10 46.39 52.84 0.00 0.77 0.00 
M59 M 61.56 39.95 0.00 0.70 0.00 102.21 46.71 52.79 0.00 0.51 0.00 
M60 M 60.47 40.45 0.26 0.35 0.00 101.53 45.99 53.57 0.19 0.25 0.00 
M61 M 61.25 40.09 0.00 0.51 0.00 101.85 46.56 53.07 0.00 0.37 0.00 
M62 M 27.85 33.62 0.67 8.53 21.81 92.48 24.36 51.22 0.56 7.10 16.77 
M63 M 29.46 35.01 0.48 6.05 26.32 97.32 24.60 50.91 0.38 4.81 19.31 
M64 M 59.65 38.58 0.00 0.36 0.67 99.26 46.68 52.59 0.00 0.27 0.46 
M65 M 60.89 39.73 0,00 0.95 0.00 101.57 46.48 52.83 0.00 0.69 0.00 
M66 M 60.30 40.09 0.00 0.53 0.00 100.92 46.16 53.45 0.00 0.39 0.00 
M67 M 30.99 35.15 0.00 0.00 35.34 101.48 25.14 49.66 0.00 0.00 25,20 
M68 M 60.30 39.74 0.00 0.00 0.00 100.04 46.56 53.44 0.00 0.00 0.00 
M69 M 31.21 35.40 0.00 0.00 35.22 101.83 25.21 49.80 0.00 0.00 25.00 
M70 M 61 .16 39.63 0.00 0.74 0.00 101.53 46.73 52.73 0.00 0.54 0.00 
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Elemental weight% Atomic% 
Sample Label L Silicate Fe s Co NI Cu Total Fe s Co NI Cu host 
M71 M 60.35 39.43 0.00 1.01 o.oo 100.79 46.43 52.83 0.00 0.74 0.00 
M72 M 60.40 40.04 0.00 0.68 0.00 101.12 46.18 53.32 0.00 0.49 0.00 
P1 Grt 62.10 39.37 0.00 0.41 0.00 101.88 47.38 52.32 0.00 0.30 0.00 
P2 Grt 61.61 39.01 0.00 0.36 0.00 100.98 47.43 52.31 0.00 0.26 0.00 
P3 Grt 57.17 40.48 0.45 0.74 3.55 102.39 43.34 53.44 0.32 0.53 2.36 
P4 Grt 3.08 40.58 17.76 33.87 2.37 97.66 2.47 56.59 13.47 25.80 1.67 
PS Grt 59.75 40.44 0.00 0.81 0.31 101.31 45.53 53.67 0.00 0.59 0.21 
P6 Grt 59.20 40.11 0.00 1.24 0.00 100.55 45.46 53.64 0.00 0.91 0.00 
P7 Grt 13.25 36.56 7.46 28.30 4.21 89.78 11 .56 55.55 6.17 23.49 3.23 
P8 Grt 60.19 40.11 0.49 0.80 0.00 101.59 45.85 53.22 0.35 0.58 0.00 
pg Grt 60.39 39.52 0.00 0.56 0.00 100.47 46.54 53.05 0.00 0.41 0.00 
P10 I Grt 41.55 49.16 0.58 3.82 o.oo 95.11 31.63 65.18 0.42 2.77 0.00 
$1 A Grt 46.53 53.47 0.00 0.00 0.00 
$2 A Grt 34.44 58.16 0.61 5.59 1.20 
$3 A Grt 29.14 58.33 2.69 8.85 0.99 
S4 A Grt 46.62 53,38 0.00 0.00 0.00 
SS A Grt 44.35 55.65 0.00 0.00 0.00 
$6 A Grt 43.23 55.64 1.13 0.00 0.00 
S7 A Grt 37.05 62.95 0.00 0.00 0.00 
73102 S8 A Grt 48.12 51.88 0.00 0.00 0.00 
S9 A Grt 42.02 53.36 0.00 0.58 4.04 
$10 A Grt 47.34 52.03 0.00 0.00 0.64 
$11 A Grt 47.15 52.09 0.00 0.29 0.48 
S12 A Grt 47.83 51.75 0.00 0.42 0.00 
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Table A3-4: Hornblende zone sulfide mineral data. Weight % data for area scan sis found in Appendix 3. 
Sample Label 
J3B P1 
P2 
P3 
P4 
P5 
P6 
P7 
PB 
pg 
P10 
P11 
P12 
P13 
P14 
P15 
P16 
P17 
P18 
P19 
P20 
P21 
P22 
P23 
P24 
S1 A 
S2 A 
$3 A 
S4 A 
S5 A 
S6 A 
S7 A 
SB A 
S9 A 
S10 A 
S11 A 
S12 A 
S13 A 
S14 A 
S15 A 
S16 A 
S17 A 
S18 A 
S19 A 
S20 A 
S21 A 
S22 A 
S23 A 
Silicate 
host 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
M=matrix, Ps=pseudo-inclusion, l==lnclusions, A==area scan 
Elemental Weight % Atomic o/o 
Fe 
30.56 
46.42 
13.29 
45.65 
10.58 
13.71 
13.15 
15.42 
13.17 
12.68 
13.88 
13.68 
14.27 
3.84 
46.82 
46.45 
46.18 
45.95 
46.93 
46.84 
46.97 
47.10 
47.45 
47.73 
s 
36.12 
52.88 
26.43 
53.96 
25.57 
16.90 
25.52 
24.52 
25.68 
24.66 
24.47 
25.15 
24.85 
21.53 
52.62 
52.79 
53.61 
53,12 
52.03 
52.65 
51 .68 
51.55 
52.41 
53.24 
Co 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
o.oo 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
NI Cu 
0.00 33.06 
0.00 0.67 
0.00 60 21 
0.00 0.00 
0.00 63.09 
0.00 69.12 
o.oo 60.44 
0.00 59.72 
0.00 60.93 
0.00 62.45 
0.00 61.13 
0.00 60.30 
0.00 60.52 
0.00 74.52 
0.00 0.00 
0.00 0.68 
0.00 0.00 
0.00 0.32 
0.00 0.32 
0.00 0.00 
0.00 0.47 
0.00 0.39 
0.00 0.05 
0.00 0.00 
Total Fe S Co NI Cu 
99.74 24.94 51.36 0,00 0.00 23.71 
99.96 33.36 66.21 0.00 0.00 0.42 
99.93 11.84 41 .02 0.00 0.00 47.14 
99.60 32.69 67.31 0.00 0.00 0.00 
99.24 9.57 40.28 0.00 0.00 50.15 
99. 73 13.19 28.34 0.00 0.00 58.47 
99, 11 11.87 40.15 0.00 0.00 47 .97 
99.66 13.94 38.61 0.00 0.00 47.45 
99.n 11 .02 40.13 o.oo o.oo 48.05 
99.79 11.48 38.87 0.00 0.00 49.66 
99.48 12.59 38.68 0.00 0.00 48.73 
99.13 12.38 39.65 0.00 0.00 47.97 
99.63 12.88 39.09 0.00 0.00 48.03 
99.89 3.60 35.10 0.00 0.00 61 .30 
99.44 33.81 66.19 0.00 0.00 0.00 
99.92 33.41 66.15 0.00 0.00 0.43 
99.79 33.08 66.92 0.00 0.00 o.oo 
99.39 33.11 66.68 0.00 0.00 0.21 
99.27 34.05 65.75 0.00 0.00 0.20 
99.49 33.81 66.19 0.00 0.00 0.00 
99.12 34.18 65.52 0.00 0.00 0.30 
99.04 34.32 65.43 0,00 0.00 0.25 
99.91 34.19 65.78 0.00 0.00 0.03 
100.97 33.98 66.02 0.00 0.00 0.00 
s.97 41.n o.oo o.oo 52.26 
31.35 61.24 0.00 0.00 7.41 
9.91 50.48 0,00 0.00 39.61 
28.52 61.06 0.00 0.00 10.42 
9.51 66.54 0.00 0.00 23.95 
23.32 53.70 0.00 0.00 22.98 
11.06 39.19 0.00 0.00 49.75 
14.63 50.97 0,00 0.00 34.40 
34.07 65.82 0.00 0.00 0.11 
12.49 39.61 0.00 0.00 47.90 
34.04 65.83 0.00 0.00 0.13 
12.67 40.28 0.00 0.00 47.05 
33.61 65.93 0.00 0.00 0.46 
12.33 39.70 0.00 0.00 47.98 
11.85 39.14 0.00 0.00 49.00 
33.62 65.96 0.00 0.00 0.42 
12.64 39.51 0.00 0.00 47.85 
34,17 65.83 0.00 0.00 0.00 
16.08 37.64 0.00 0.00 46.28 
33.99 65.94 0.00 0.00 O.o7 
31 .73 65.56 0.00 0.00 2.71 
33.12 64.65 0.00 0.00 2.23 
32.24 65.93 0.00 0.00 1.83 
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Table A3-4 continued. 
Silicate 
Sample Label host 
S24 A Grt 
S25 A Grt 
S26 A Grt 
S27 A Grt 
S28 A Grt 
S29 A Grt 
S30 A Grt 
S31 A Grl 
72908 M1 M 
M2 M 
M3 M 
M4 M 
MS M 
M6 M 
M7 M 
MS M 
M9 M 
M10 M 
M11 M 
M12 M 
M13 M 
72909 M14 M 
72915 
M15 M 
M16 M 
M17 M 
M18 M 
M19 M 
M20 M 
M21 M 
M22 M 
M23 M 
M24 M 
M25 M 
M26 M 
M27 M 
M28 M 
M29 M 
M30 M 
M31 
M32 
M33 
M34 
M35 
M36 
M37 
M38 
M39 
M40 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
Elemental weight % 
Fe 
30.81 
60.07 
59.93 
58.66 
58.64 
57.69 
59.94 
46.14 
44.54 
45.48 
44.81 
44.77 
44.54 
12.86 
13.27 
29.80 
30.54 
28.67 
44.27 
46.66 
0.61 
0.00 
47.75 
1.65 
0.91 
2.42 
47.71 
45.06 
46.50 
47.31 
46.68 
29.98 
30.67 
30.00 
58.89 
30.67 
46.84 
31.01 
30.44 
58.99 
s 
35.19 
38.71 
38.79 
39.87 
39.35 
38.48 
39.45 
53.52 
50.86 
52.73 
51 .86 
52.17 
51 ,68 
24.60 
25.61 
34.27 
34.88 
35.54 
53.41 
53.99 
31.42 
21.44 
54.40 
32.61 
31.19 
32.67 
55.07 
55.47 
54.95 
55.09 
53.34 
34.50 
34.41 
34.55 
39.86 
35.33 
53.80 
34.77 
34.80 
39.16 
Co Ni Cu 
0.00 0.00 33.92 
0.00 0.51 0.00 
0.00 0.87 0.00 
0.36 0.99 0.00 
0.00 0.71 0 00 
0.00 0.38 0.00 
0.00 0.38 0.00 
0.00 0.00 0.00 
0.00 0.00 0.00 
0.00 0.00 0.00 
0.48 0.00 0.00 
0.00 0.00 0.00 
0.00 0.00 0.00 
0.00 0.00 59.44 
0.00 0.00 62.69 
0.00 0.00 32.45 
0.00 0.00 33.79 
0.00 0.00 32.59 
1.54 0.00 0.00 
0.00 0.00 0.00 
0.00 0.00 67.97 
0.00 0.00 78.83 
0.00 0.00 0.00 
0.00 0.00 69.05 
0.00 0.00 64.58 
0.00 0.00 68.23 
0.00 0.00 0.00 
2.69 0.00 0.00 
0.47 0.00 0.00 
0.00 0.00 0.00 
0.00 0.00 0.00 
0.00 0.00 33.70 
0.00 0.00 33.81 
0.00 0.00 34,92 
0.00 1.21 0.00 
0.00 0.00 35.89 
0.00 0.00 0.26 
0.00 0.00 35.21 
0.00 0.00 35.47 
0.51 0.81 0.00 
Appendix 3 
Atomic% 
Total Fe S Co NI Cu 
13.23 48.62 0.00 0.00 38.16 
33.67 66.27 0.00 0.00 0.06 
28.53 61.04 0.00 0.00 10.43 
32.26 67.74 0.00 0.00 0.00 
24.50 62.18 0.00 0.00 13.31 
14.27 49.71 0.00 0.00 36.02 
3.30 39.26 0.00 0.00 57.44 
14.71 50.90 0.00 0.00 34.39 
99.92 25.27 50.27 0.00 0.00 24.45 
99.29 46.94 52.68 0.00 0.38 0.00 
99.59 46.70 52.65 0.00 0.65 0.00 
99.88 45.34 53.67 0.26 0.73 0.00 
98.70 45.87 53.61 0.00 0.53 0.00 
96.55 46.13 53.58 0.00 0.29 0.00 
99.77 46.46 53.26 0.00 0.28 0.00 
99.66 33.11 66.89 0.00 0.00 0.00 
95.40 33.46 66.54 0.00 0.00 0.00 
98.21 33.12 66.88 0.00 0.00 0.00 
97.15 33.05 66.62 0.34 0.00 0.00 
96.94 33.01 66.99 0.00 0.00 0.00 
96.22 33.10 66.90 o.oo 0.00 0.00 
96.90 11.91 39.69 0.00 0.00 48.39 
101.57 11.75 39.48 0.00 0.00 48. 77 
96.52 25.25 50,58 0.00 0.00 24.17 
99.21 25.24 50.21 0.00 0.00 24.54 
96.80 24.05 51.92 0.00 0.00 24.03 
99.22 31.91 67.04 1.05 0.00 0.00 
100.65 33. 16 66.84 0.00 0.00 0.00 
100.00 0.53 47.56 0.00 0.00 51.91 
100.27 0.00 35.02 0.00 0.00 64.98 
102.15 33.51 66.49 0.00 0.00 0.00 
103.31 1.39 47.68 0.00 0.00 50.94 
96.68 0.81 48.51 0.00 0.00 50.69 
103.32 2.03 47.70 0.00 0.00 50.27 
102.78 33.22 66.78 0.00 0.00 0.00 
103.22 31 .24 66.99 1.77 0.00 0.00 
101.92 32.60 67.09 0.31 0.00 0.00 
102.40 33.02 66.98 0.00 0.00 0.00 
100.02 33.44 66.56 0.00 0.00 0.00 
98. 18 25.05 50.21 0.00 0.00 24. 75 
98.89 25.49 49.81 0.00 0.00 24.70 
99.47 24.82 49.79 0.00 0.00 25.39 
99.96 45.49 53.62 0.00 0.89 0.00 
101.89 24.79 49.73 0.00 0.00 25.49 
100.90 33.27 66.56 0.00 0.00 0.16 
100.99 25.31 49.43 0.00 0.00 25.26 
100.71 24.91 49.59 0.00 0.00 25.50 
99.47 45.93 53. 10 0.38 0.60 0.00 
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Table A3-4 continued. 
Sample Label 
M41 
M42 
M43 
M44 
M45 
M46 
M47 
M48 
M49 
M50 
M51 
M52 
M53 
M54 
M55 
M56 
M57 
73112 P1 
P2 
P3 
P4 
P5 
S1 
S2 
S3 
S4 
S5 
E803 M1 
P1 
S1 
J22 M1 
P1 
P2 
S1 
S2 
S3 
J37a P1 
P2 
P3 
P4 
S1 
S2 
$3 
J43 M1 
S1 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
I 
I 
I 
A 
A 
A 
A 
A 
M 
I 
A 
M 
I 
A 
A 
A 
I 
A 
A 
A 
M 
A 
Slllcate 
host 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Grt 
Elemental weight % 
Fe 
30.79 
30.20 
30.92 
30.84 
31.02 
30.14 
30.50 
59.29 
31.02 
59.52 
42.76 
60.01 
42.17 
42.99 
42.82 
59.08 
10.26 
31.11 
60.38 
30.33 
24.87 
62.08 
30.76 
45.89 
46.16 
45.55 
30.53 
46.72 
46.42 
46.28 
59.70 
30.00 
s 
34.81 
34.89 
35.38 
34.02 
34.88 
34.18 
34.93 
39.90 
34.97 
39.84 
50.21 
40,01 
51.76 
51 .82 
51.25 
40.17 
25.11 
34.24 
37.39 
34.08 
30.65 
35.92 
34.06 
52.46 
53.59 
53.14 
34.07 
53.46 
53.19 
53.41 
34.44 
34.17 
Co NI Cu 
0.00 0.00 35.09 
0.00 0.00 35.50 
0.00 0.00 35.17 
0.00 0.00 33.83 
0.00 0.00 35.41 
0.00 0.00 34.03 
0.00 0.00 35.34 
0.31 1.22 0.00 
0.00 0.00 35.28 
0.00 1.06 0.33 
0.02 1.50 1.93 
0.00 1.35 0.00 
0.00 1.56 3.38 
0.73 1.87 2 38 
0.00 1.23 3 00 
0,00 1.30 0.00 
0.00 0.00 63.47 
0.00 0.31 34.29 
0.00 0.39 0,00 
0.00 0.08 34.15 
0.00 0.80 40.22 
0.00 0.00 0.35 
0.00 0.00 33.98 
0.00 0.23 0.21 
0.00 0.00 0.00 
0.00 0.36 0.26 
0.00 0.00 34.13 
0.33 0.00 0.00 
0.00 0.32 0.35 
0.00 0.00 0.00 
0.00 0.00 0.00 
0.00 0.00 33.63 
Appendix3 
Atomic% 
Total Fe S Co Ni Cu 
100.69 25.19 49.59 0.00 0.00 25.22 
100.59 24.72 49.74 0.00 0.00 25.54 
101.47 25.05 49.92 0.00 0.00 25.04 
98.69 25.74 49.45 0.00 0.00 24.81 
101.31 25.24 49.43 0.00 0.00 25.32 
98.35 25.21 49.78 0.00 0.00 25.01 
100.n 24.92 49.71 o.oo o.oo 25.38 
100.72 45.52 53.36 0.23 0.89 0.00 
101.27 25.23 49.54 0.00 0.00 25.22 
100.75 45.71 53.29 0.00 0.77 0.22 
96.42 32.07 65.58 0.01 1.07 1.27 
101.37 45.82 53.20 0.00 0.98 0.00 
98.87 30.83 65.91 0.00 1.09 2.17 
99.79 31 .20 65.49 0.50 1.29 1.52 
98.30 31.51 65.69 0.00 0.86 1.94 
100.55 45.35 53.70 0.00 0.95 0.00 
98.84 9.35 39.84 0.00 0.00 50.81 
99.95 25.67 49.21 0.00 0.24 24.87 
98.16 47.97 51.74 o.oo 0.29 0.00 
98.64 25.32 49.56 0.00 0.06 25.06 
96.54 21.75 46.68 0.00 0.67 30.91 
98.35 49.68 50,07 0.00 0.00 0.25 
31.89 56.02 0.00 0.00 12.09 
31.29 48.24 o.oo 0.00 20.48 
27,87 50.62 0.00 0.00 21 .51 
28.90 50.72 0.00 5.15 15.23 
25.65 52.62 0.27 4.30 17.17 
98.80 25.65 49.46 0.00 0.00 24.90 
98.79 33.34 66.37 0.00 0.16 0.13 
27.97 72.03 0.00 0.00 0.00 
99.75 33.09 66.91 0.00 0.00 0.00 
99.31 32.85 66.74 0.00 0.25 0.16 
98.73 25.47 49.51 0.00 0.00 25.02 
31.76 67.63 0.00 0.00 0.61 
32.85 65.57 0.00 0.00 1.58 
25.97 51 .04 0.00 0.00 22.99 
100.51 33.34 66.44 0.22 0.00 0.00 
100.28 33.24 66.33 0.00 0.22 0.22 
99.69 33.22 66.78 0.00 0.00 0.00 
94.14 49.88 50,12 0.00 0.00 0.00 
34.70 47.33 0.00 0.00 17.97 
32.78 63.03 0.00 0.00 4.18 
37.14 52.84 0.00 0.00 10.03 
97.80 25.20 49.98 0.00 0.00 24.82 
14.86 49,64 0.00 0.00 35.50 
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Appendix4 
Unprocessed sulfide mineral data 
Analyses are included on CO in the back of this thesis. 
Appendix4 
Mixed silicate-sulfide area scan analyses as collected by SEM analysis, described in Appendix 2. 
Regressed data is in Appendix 3. 
A4 
A ipendlx 5 
Appendix 5 
Pyrrhotite data in Chapter 5, Fig. 10, Table 7. Samples and labels correspond to Chapter 4 data tables. 
Mlneral 
zone 
Epidote 
zone 
Hornblende 
zone 
Omphaclte 
Sample Label 
73004a MS 
730049 M7 
96312k P1 
96312k S1 
Sample Label 
72908 
72908 
72908 
72908 
72908 
72908 
72915 
72915 
72915 
7291S 
72915 
72915 
73112 
73112 
M2 
M3 
M4 
M5 
M6 
M7 
M35 
M40 
M48 
MSO 
M52 
M56 
P2 
PS 
zone 9919a M1 
9919t 
9919t 
903 
9931b 
9941b 
J17 
903 
903 
9919a 
99198 
9919a 
99198 
9919a 
9919a 
9919a 
9919a 
9919t 
9919t 
9924a 
M7 
MS 
M6 
M1 
MS 
M1 
M4 
MS 
M2 
M3 
M4 
MS 
M6 
M7 
MS 
M9 
M1 
M6 
M2 
Location 
Matrix 
Matrix 
In 
plagloolase 
In 
plagloclase 
Location 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
In garnet 
In garnet 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Matrix 
Fe% 
0.47 
0.47 
0.48 
0.48 
Fe% 
0.47 
0.47 
0.46 
0.46 
0.46 
0.47 
0.46 
0.46 
0.46 
0.46 
0.46 
0.46 
0.48 
0.50 
0.47 
0.47 
0.47 
0.46 
0.47 
0.47 
0.47 
0.46 
0.46 
0.48 
0.47 
0.47 
0.48 
0.48 
0.47 
0.47 
0.47 
0.46 
0.48 
0.46 
NFeS Sample 
0.933 9923a 
0.936 9923a 
0.9S6 9923a 
0.960 9924a 
NFeS 99249 
0.942 9924a 
0.940 9924a 
0.916 9924a 
0.922 9924a 
0.925 9924a 
0.932 9924a 
0.91S 9924a 
0.928 9924a 
0.921 9924a 
0.923 9924a 
0.925 9924a 
0.916 9924a 
0,962 9924a 
0.994 9924a 
0.937 99248 
0.941 9924a 
0.941 9924a 
0.928 9924a 
0.946 9924a 
0.950 9924a 
0.936 9924a 
0.922 9924a 
0.914 9924a 
0.954 9924a 
0.94S 9924a 
0.934 9930b 
0.957 9930b 
0.952 9930b 
0.946 9930b 
0.948 9930b 
0.936 9931a 
0.919 9931a 
0.952 9931a 
0.923 9931a 
Label -Location Fe% NFeS 
P1 
P2 
S2 
P1 
P2 
P3 
In gamsl 0.46 0.929 
In garnet 0.47 0.944 
In garnet 0.46 0.919 
In garnet 0.47 0.945 
In garnet 0.47 0.940 
In game! 0.47 0.938 
P4 In garnet 0.48 0,950 
PS In garnet 0.47 0.939 
P6 In garnet 0.47 0.931 
P7 In game! 0.46 0.927 
P8 In garnet 0.46 o 923 
P9 In garnet 0.47 0.942 
P10 In garnet 0.47 0.941 
P11 In garnet 0,47 0.940 
P12 In garnet 0.47 0.945 
P13 In garnet 0.46 0.926 
P14 In garnet 0.47 0.942 
P15 In garnet 0.47 0.941 
P16 In garnet 0.47 0.946 
P17 In gamst 0.48 0.953 
P18 In gemel 0.47 0.940 
P22 In garnet 0.47 0.948 
P23 In garnet 0.46 0.924 
P24 In garnet 0.48 0.950 
P25 In garnet 0.47 0.948 
P26 In garnet 0.47 0.946 
P27 In garnet 0.47 0.938 
SS In garnet 0.49 0.974 
S18 In garnet 0.47 0.936 
S20 In garnet 0.48 0.969 
P1 In garnet 0.47 0.946 
P2 In garnet 0.47 0.944 
P3 In garnet 0.47 0.935 
S1 In garnet 0.46 0 912 
S4 In garnet 0.47 0.935 
P1 In garnet 0.47 0.947 
P2 In garnet 0.46 0.927 
P3 In garnet 0.46 0.924 
P4 In garnet 0.47 0.944 
AS 
Sample 
9924a 
9924a 
9924a 
9924a 
9931b 
9931b 
9941b 
9941b 
9919t 
9919t 
9919l 
9919t 
9919t 
9919! 
9919t 
9931a 
9931c 
9931c 
9931c 
9931c 
9931c 
9931c 
9931c 
9939 
9939 
9939 
9939 
9939 
9939 
9939 
9939 
9939 
9939 
9939 
9939 
9939 
J17 
J17 
J17 
J17 
J17 
Omphacite zone (continued) 
Label • location 
M3 Matrix 
M4 Matrix 
MS Matrix 
MS Matrix 
M3 Matrix 
M4 Matrix 
M6 Matrix 
M7 Matrix 
Pl In garnet 
P2 In garnet 
P3 In garnet 
P4 In garnet 
P5 In garnet 
P6 In garnet 
S3 lngamet 
S3 In garnet 
P1 In garnet 
P2 In garnet 
P3 In garnet 
P4 In garnet 
S2 In garnet 
S4 In garnet 
S5 In garnet 
P1 lngamet 
P2 In garnet 
P3 In garnet 
S1 In garnet 
S2 In garnet 
S3 In garnet 
S4 In garnet 
P4 In garnet 
PS In garnet 
P6 In garnet 
P7 In garnet 
PS In garnet 
P9 In garnet 
P3 In garnet 
P7 In garnet 
PS In garnet 
S9 In garnet 
S17 lngamet 
Fo% 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 
0.48 
0.46 
0.47 
0.47 
0.48 
0.48 
0.47 
0.49 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 
0.49 
0.46 
0.47 
0.47 
0.47 
0.47 
0.47 
0.48 
0.47 
0.48 
0.46 
0.46 
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Omphaclte zone (continued) 
NFeS Sample Label - locatlon Fe% NFeS 
0.933 9931a 
0.941 9939 
0.943 9939 
0.935 9939 
0.937 9939 
0.949 9939 
0.938 9946 
0.939 9946 
0.932 9946 
0.940 9949 
0.945 9949 
0.933 9949 
0.939 9949 
0.938 9949 
0.952 9949 
0.920 J17 
0.944 J17 
0.939 J17 
0.954 J17 
0.959 J17 
0.950 J17 
0.986 J17 
0.939 J17 
0.934 J17 
0.937 J17 
0.933 J17 
0.936 
0.938 9949 
0.944 9949 
0.974 9949 
0.929 9949 
0.939 9949 
0.943 9949 
0.94S 9949 
0.940 9949 
0.940 9949 
0.957 9949 
0.949 9949 
0.950 9949 
0.920 9949 
0.930 9949 
Ps2 
P10 
S1 
S2 
$3 
SS 
P1 
P2 
M1 
P11 
PS 
P6 
P7 
PS 
P4 
pg 
P10 
P11 
P17 
P18 
P20 
P21 
P26 
P28 
P32 
S1 
P12 
P13 
P14 
S2 
S4 
SS 
S6 
S10 
S11 
$12 
S14 
Pl 
pg 
P10 
In garnet 
In garnet 0.47 0.944 
In garnet 0.46 0.911 
In garnet 0.46 0.918 
In garnet 0.47 0.937 
In garnet 0.48 0.952 
In garnet 0.47 0.938 
In garnet 0.46 0.927 
In garnet 0.47 0.932 
In garnet 0.47 0.949 
In garnet 0.47 0.943 
In garnet 0.48 0.9S1 
In garnet 0.47 0.938 
In garnet 0.47 0.938 
In garnet 0.47 0.938 
In garnet 0.49 0.980 
In garnet 0.47 0.931 
In garnet 0.47 0.946 
In garnet 0.48 0.9S8 
In garnet 0.46 0.923 
In garnet 0.46 o.g23 
In garnet Q.46 0.915 
In garnet 0.46 0.916 
In garnet 0.48 0.9S2 
In garnet 0.48 0.960 
In garnet 0.47 0.945 
In garnet 0.47 0.949 
In garnet 0.47 0.946 
In garnet 0.47 0.94S 
In garnet 0.47 0.942 
In garnet 0.47 0.948 
In garnet 0.47 0.944 
In garnet 0.46 0.927 
In garnet 0.46 0.930 
In garnet 0 46 0.919 
In garnet 0.46 0.918 
In garnet 0.47 0.941 
In garnet 0.46 0.928 
In garnet 0.47 0.948 
In garnet 0.48 0 950 
AS 2 
0.989 
